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This document makes use of international metric units according to the
Systeme International d’Unites (SI). In certain cases, utility requires the
retention of other systems of units in addition to the SI units. The conven-
tional units stated in parentheses following the computed SI equivalents are
the basis of the measurements and calculations reported.
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PRELAUNCH TESTING OF THE
LASER GEODYNAMIC SATELLITE (LAGEOS)

M. W. Fitzmaurice, P. O. Minott,
J. B. Abshire, and H. E. Rowe
Goddard Space Flight Center

Greenbelt, Maryland

INTRODUCTION

The Laser Geodynamic Satellite (Lageos) was launched from the Western Test Range on
May 3, 1976, and achieved its planned orbit. Although there are several other satellites that
are used as targets by ground-based laser ranging systems, this is the first satellite devoted
exclusively to laser ranging. As such, the Lageos plays a key role in the National Aeronautics
and Space Administration’s (NASA’s) Earth and Ocean Dynamics Application Program
(EODAP), as well as the increasing international effort in laser measurement systems for
geophysics investigations (Reference 1). Lageos is expected to have a lifetime that may well
span several decades, and will be tracked by the several types of existing lasers as well as the
next generation systems. To maximize the usefulness of the data to be gathered by existing
systems and to guide the development of the next generation ranging systems, Lageos under-
went extensive prelaunch testing at the Goddard Space Flight Center (GSFC) in December
1975 and January 1976. These tests represent the most thorough evaluation of satellite-
borne laser reflectors yet carried out and are the subject of this document.

The Lageos

This satellite was designed as a passive long-lived target with a stable well-defined orbit. As
such, it functions as a reference point in inertial space and by ranging to it, sets of ground-
based laser systems may recover their internal geometry, or their position with respect to
the Earth’s center of mass, or their position with respect to an inertial reference. The geo-
physical investigations to be carried out in conjunction with Lageos require that the ranging
measurements be made with an accuracy of about 2 cm. Several error sources contribute to
the total error in such systems (Reference 2), and at the 2cm level, each must be carefully
scrutinized. In this case, the error contributed by the satellite itself cannot be allowed to
exceed 5 millimeters (mm) if the overall 2-cm system accuracy is to be achieved. Lageos

is shown during testing at GSFC in figure 1.

In order to enhance its reflectivity as a laser target, the satellite is covered with optical cube
corners which retrodirect any incident optical signal. There are a total of 426 cube corner
reflectors (CCR’s); 422 of these are made of fused silica. These operate throughout the visible
and near infrared portions of the spectrum. The remaining 4 are of germanijum which is



Figure 1. Lageos shown during test at GSFC.

effective in the middle infrared (10-micrometer) region. These germanium CCR’s were not’
installed on the satellite at the time of the GSFC test, and no tests were conducted on these
units at GSFC. The fused silica CCR’s on Lageos are unique in that the back faces are uncoated
so as to ensure very long life; all other CCR’s flown on NASA satellites have had reflective

coatings on the back faces.

The primary orbit and satellite characteristics are listed as follows:

Altitude 5900 km
Inclination 110 degrees
Eccentricity 0

Diameter of Satellite 60 cm

Weight 411 kg
Number of Retroreflectors 422 fused silica

4 germanium

Purpose and Scope of GSFC Tests

The Lageos tests can be subdivided into two major parts: target-signature tests and lidar
cross-section tests. A discussion of each follows.

Target Signature

Target-signature tests concentrate on the spreading, distortion, and delay induced on a very
short laser pulse by the satellite reflectors. The design of optimal transmitters and receivers
for laser-ranging systems is heavily impacted by these considerations, and therefore these data
become essential for both the existing laser tracking network as well as the evolving next
generation systems. In addition to the spreading and distortion effects, pulses reflected by
the satellite emerge from points near the surface of the satellite (since the CCR’s are located
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near the outer surface). However, in most geophysical applications, it is desirable to “correct™
the range measurement so that it can be related to the center of gravity of the target, since

it is this point whose motion through the Earth’s geopotential field can be precisely calculated.
In general, this “correction” is a function of the attitude of the satellite with respect to the
incident pulse. Because Lageos is a completely unstabilized target and because no information
will be available on its attitude, it is important to: (1) measure the value of the range correction
and (2) measure the amount of variation in this correction as a function of attitude. Attitude-
dependent variations represent a noise source in the ranging system which may not be reducible
through data averaging.

Lidar Cross Section

The lidar cross section (¢) is the single parameter which quantifies the ability of a target to
reflect incident energy in a specified direction (Reference 3). Because Lageos is in an orbit
which is substantially higher than most of the other CCR-equipped satellites (5900 km versus
a typical 1000-km orbit), the radar link is much more difficult, making the absolute value of
the lidar cross section extremely important. As discussed in Reference 3, o is a function of the
characteristics of the incident signal (wavelength, polarization, and angle of incidence) and the
direction of interest in the far field of the reflected signal. All these factors were modeled
during the design phase of the Lageos CCR’s (Reference 4), but it was widely recognized

that variations in the properties of individual cube corners due to material inhomogeneity

and manufacturing tolerances could be substantial (Reference 5), and that the overall per-
formance of an array consisting of several hundred of these reflectors could be significantly
different than the computer model. With this motivation, extensive tests of the cross-section
value and the far-field pattern of reflected signals from Lageos were carried out during this
program.

TARGET SIGNATURE TESTS

The target signature tests were divided into three parts. The first part addresses the average
spreading that is imposed on reflected laser pulses by the satellite reflectors. The second part
consisted of measurements of the range corrections so that range measurements can be refer-
enced to the satellite center of mass; the third part addresses the pulse-to-pulse waveform
variations which result from coherent interference between the individual satellite reflectors.
The tests are described in this order in the sections that follow.

Pulse Spreading
Physical Mechanism

The mechanism of pulse spreading can be understood by reference to figure 2. When a trans-
mitted laser pulse illuminates the satellite, all the cube corners within approximately +25° of
the pulse propagation direction reflect significant energy back to the transmitter (Reference
5). Because these CCR’s are on the surface of a sphere, they are at different distances from
the transmitter, and the pulses reflected back to the transmitter will be displaced in time (as



SECTION OF SATELLITE
REFLECTOR ARRAY

a. TRANSMITTED PULSE

b. REFLECTED PULSES /v\\/é\/\/\ ./2\ ./1\

c. DETECTOR IMPULSE RESPONSE

d. DETECTOR OUTPUT _/\

Figure 2. Array-induced pulse spreading.

shown in figure 2b). Generally, the receiver is collocated with the transmitter, and its output
signal (figure 2d) is given by the convolution of its impulse response (figure 2¢) with the
received pulse train;* this pulse can be significantly broadened as compared with the return
from a single CCR or a flat array of CCR’s aligned normal to the transmitted pulse (which
would produce a detector output given by the convolution of figures 2a and 2c).

It should be noted that in those cases where the reflected pulses overlap in time (for example,
pulses 5, 6, and 7 of figure 2), the resultant waveform is dependent on the relative phases of
the optical fields of the respective pulses;T the impact of these coherent interactions on pulse
spreading is discussed in the section, ‘““Pulse Shape Variations due to Coherency Effects.”
However, for average pulse-spreading considerations, these coherent effects can be neglected,
and net reflected signal can be obtained by addition of pulse energies.

*In the more general case of separated transmitter and receiver stations, the effect is no different.

TIn a rigorous sense, this is true only for the case of very high optical signal-to-noise (SNR) ratios. At low signal levels, the
randomness induced by poissonian photoemission causes another degree of randomization of the output waveform
(Reference 6). The data to be reported here result from averaged waveforms built up using large numbers of optical pulses
(typical 104). This averaging is equivalent to operating at very high SNR.



Instrumentation and Measurement Technique

The electro-optical system used for the target signature tests is shown in figure 3. A contin-
uous wave (CW) lamp pumped Nd:YAG* laser was mode-locked at 200 MHz using an acousto-
optic loss modulator. The laser was operated in the lowest order spatial mode (TEM,, ), with
approximately 0.3 watt of average 1.06-um power, and produced a 200-MHz train of short
pulses where each pulse typically had the shape shown in figure 4a. The 1.06-um pulse train
was focused into a 5-mm cube of barium sodium niobate for second-harmonic generation;
about 10 mW of 0.53-um radiation was generated. This 0.53-um pulse train became the trans-
mitter signal for all target signature tests. No direct measurement of the 0.53-um pulse shape
was possible because of the extremely short rise times involved, but an accurate calculation

of the pulse can be made based on the 1.06-um pulse shape and the well-known quadratic
dependence of second harmonic-power generation on fundamental power. The results of this
calculation are shown in figure 4b; this indicates that a 0.53-um pulse width of about 60 ps
full width at half-maximum (FWHM) was transmitted to Lageos during those tests. The 1.06-
um pulse train was separated from the second harmonic by a polarization beam splitterT (fig-
ure 3).

200 MHz SPATIAL FILTER
MODE-LOCKED ANDSCM BEAM EXP. FRONT LAGEOS
FREQ. DOUBLED pgs SURFACE
Nd: FLAT
YAG LASER

—F

1.06 um
PHOTODIODE —J

MOVEABLE
PIN HOLE Pt o 7
SYNCH SIG. FIELD STOP. , SPLITTER REFERENCE
REC. li1GH-sPEED <ﬁ>\]: Ay
PULSES PMT RELAY |'
LENS #2 RELAY
LENS #1
FAR-FIELD
PATTERN OF

RETURN SIGNAL

88cm DIA.
/9 PARABOLA

Figure 3. Optical system for Lageos pulse-spreading tests.
*Neodymium yttrium aluminum garnet.

TWhen BaNaNio is used as a type 1 frequency doubler, the fundamental and second harmonic beams are orthogonally polarized.
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A = 1.06 MICROMETERS
FULL WIDTH AT HALF MAXIMUM: 90 ps

PULSE MEASURED BY GaAsSb PHOTODIODE

Figure 4a. Nd:YAG laser mode-locked pulse.

50 ps
— -—

A =0.53 MICROMETERS
FULL WIDTH AT HALF MAXIMUM: 60 ps

Figure 4b. Frequency doubled mode-locked pulse (calculated).




These pulses were detected by a fast photodiode so as to monitor laser amplitude and wave-shape
stability. The 0.53-um beam was directed into a beam expander/spatial filter telescope (Tropel
Catalog No. 280-50) to minimize spatial amplitude variations in the beam cross section. After re-
flection by a front-surface flat mirror, the beam was brought to focus by the f, /3.6 objective at the
front surface of the pin hole beam splitter. This splitter was a flat mirror which had a drilled coni-
cal hole of an apex diameter 180 um. The position where the f/3.6 objective focused the outgoing
beam was located precisely at the focal plane of the large (80-cm diameter) parabola, so the out-
going beam, afer passing through focus, expanded* and was collimated by the parabola. This col-
limated beam illuminated the Lageos as well as a flat reference array of CCR’s which were used
throughout these tests for calibration purposes. A photograph of the satellite in its handling fix-
ture and the reference array is shown in figure 5.

Figure 5. The satellite in its handling
fixture and reference array.

*As is apparent from figure 3, the expanding beam substantially overfilled the parabola so that only the central portion
of the beam (which had very little amplitude taper) was used to illuminate the satellite.



The return signal from the satellite and reference array traverses the exact same path as the
transmitted signal (due to the retrodirective property of cube corners) and is brought to a
focus at the front surface of the pin-hole beam splitter. This pin-hole beam splitter serves
to separate the transmitted and received signals, while maintaining excellent imaging quality
throughout the receiver system.* The transmitter beam, when focused by the /3.6 objec-
tive, has an essentially diffraction-limited spot size of about 3 um, and can therefore easily
pass through the 180-um hole in the splitter. The return beam from the satellite (and/or
reference array) has an angular spread of about + 45 microradians (ur), that results in a
spot size of about 800 um when focused by the large collimating parabola onto the front
surface of the splitter. The central 180 um of this image is lost, but the remainder is re-
flected by the splitter to a relay lens that magnifies the image and establishes the desired
image plane scaling. A photograph of the /3.6 objective, beam splitter, and relay lens is
shown in figure 6. The portion of the image that is lost is of no consequence because it
subtends only about the central 20 ur of the reflected beam. The velocity aberration effect
(Reference 3) causes ground-based receivers to be located 35 to 38 ur off the axis of the
return beam, and all target signature measurements were made in this part of the far-field

Figure 6. The f/3.6 beam splitter and relay lens.

*Alternate techniques for transmitterreceiver isolation such as partially silvered beam splitters were not acceptable because
of the depolarizing effects and multiple images generated.



pattern. Two types of field stops were used during these tests: (1) a small circular aperture
of 0.18-mm diameter and (2) an annulus of 3-mm inner radius and 4-mm outer radius. With
a receiver system focal length of 100 m, this corresponds to an angular subtense of 1.8 ur
for the circular aperture and a transmission ring of 30 to 40 ur for the annulus. The energy
passing through the field stop was collected by a relay lens and focused through an inter-
ference filter onto the photocathode of a high-speed photomultiplier (Varian Catalog No.
154). A photograph of the detector assembly is shown in figure 7. The manufacturer’s
performance specifications for this detector are given in the following list:

Designator Description
Photocathode/Window Material S-20/Sapphire
Cathode Diameter 5.08 mm (0.2 in)
Cathode Quantum Efficiency 10 Percent Typical at 5300 Angstrom (&)
Gain 105 Typical
Number of Stages 6
Dynode Material Becu Alloy
Anode Dark Current 3 X 10 Typical at 20°C
Output Current 250-Microamps (£A) Maximum Continuous
Bandwidth, O to -3 Decibel (db) Direct Current (dc) to 2.5 Gigahertz (GHz)
Anode Rise Time (10% to 90%) 150 Picoseconds (ps)
Output Coupler 50-Ohm Coaxial OSM
Dimensions, Housed with Magnets 8.25 cm (3.25 in) X 6.68 cm (2.63 in) 15.87 cm (6.25 in)
Weight 1.81 kg (4 1b)

The photomultiplier output signal as well as a synchronized trigger signal from the laser were
sent to the data system shown in figure 8. The sampled analog waveforms that were developed
by the sampling system were digitized by a Tektronix R7912 and stored in the computer.

The R7912 supplied waveforms to the computer at a rate of approximately 10 per second.
Typically, for a given set of test parameters, 100 waveforms were input to the computer,
averaged by the computer, and the resultant waveform delivered to one of the output devices.
Following the data taking, the averaged waveforms were recalled from storage and hardcopy
generated. The waveforms were analyzed graphically to recover pulse shape characteristics
and interpulse spacing. A photographic overview of the entire test area (with only the large
collimator outside the frame) is shown in figure 9.

Results

The received waveforms that were analyzed during the target signature tests are shown
schematically in figure 10. To make full use of the precision available from the time axis
of the R7912, the pulse pair shown in the figure was recorded for each of target signature
tests. This reference-array pulse and the Lageos pulse differ only because of the planar and
nonplanar characteristics of their respective cube corner arrays, and this fact was used to
measure the pulse spreading induced on the laser pulse by the Lageos.



Figure 7. Detector assembly.
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Figure 8. Data processing system.




Figure 9. The test area.
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Figure 10. Received waveform schematic.
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The results of the pulse-spreading tests are shown in figure 11. The measured values vary
from 210 ps to 260 ps depending on the orientation of Lageos with respect to the incident
pulse. The satellite was rotated with respect to the incident pulse by the handling fixture
shown in figure 5; however, the reference array was not changed and remained normal to
the incident pulse throughout the tests.

@ PULSE WIDTH (FWHM) IN ps
2 +600 - 230 230 240 230 240
e
g
= +300 < 230 230 260 220 220 240 260 230 260
2
=
2 00 o 270 230 220 220 250 220 240 220 230 260 240
[
2
& 210 260 220
x -300 - 220 260 250 250 240 250 230 230 240 230
8
i -600 ~ 250 240 240 230 260
3 AVERAGE VALUE 240 ps
| ! ] ] [] ] ] [ ] 1

]
0° 300 60° 90° 120° 150° 180° 2100 2400 270° 300° 330° 360°
LAGEOS ORIENTATION (LONGITUDE)

® WAVELENGTH 0.53 um

® ALL READINGS % 5 ps

® INSTRUMENTATION SYSTEM RESPONSE
TIME (FWHM) 205 ps

Figure 11. Pulse width of reflected signals from Lageos.

Because CCR’s as much as 25° off-normal contribute to the return signal, a data point such
as +60° latitude and 0° longitude, in fact, samples the satellite over the ranges of +35° to +85
latitude and 335° to 25° longitude. As shown in figure 11, the average pulse width of the
received signal was 240 ps. A sample of the measured waveforms is shown in figure 12.

o

The temporal resolution of the instrumentation system (as measured by the returned from
the flat reference array) was 205 ps, so the instrumentation system (especially the photo-
multiplier) contributed significantly to the measured pulse width. The relative contributions
of satellite and instrumentation system to the total pulse width can be evaluated to first
order by assuming Gaussian waveshapes for both the reference array and Lageos signals. In
this case, the pulse widths add in quadrature and the Lageos contribution can be easily eval-
uated. These results are listed in figure 13 and can be used to estimate the width of the re-
flected pulse from Lageos for arbitrary transmitter/receiver systems by carrying through the
root-sum-squares (RSS) calculation.
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LAGEOS ORIENTATION (LATITUDE)

LAGEOS ORIENTATION (LONGITUDE)

® WAVELENGTH 0.53 um
® ALL READINGS £ 5 ps

Figure 13. Pulse spreading induced by Lageos.
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Figure 12. A sample of the measured waveforms.
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A motion picture camera was installed in the received optical system (figure 3) and relay
lens No. 1 was repositioned, so that an image of the rotating satellite (rather than the far-
field pattern of the return beam) was recorded on film. Four of these frames are shown in
figure 14. The brightness of the individual CCR is proportional to the total energy reflected
by each. The arc of CCR’s in the lower right-hand corner is the reference array; each of the
cubes in this array was normal to the incident beam, and therefore no brightness variation
exists. Figure 14a shows a localized cluster of CCR’s dominating the return signal, and
therefore very little pulse spreading would be expected at this satellite attitude. Figure 14b
shows Lageos with its north pole aligned with the incident beam. The black spot in the center
is the location of one of the germanium CCR’. These CCR’s were not installed at the time
of the tests, but even if they were in place, the results would not be different because germa-
nium is opaque at visible wavelengths. Figure 14c shows the north pole again, but in an off-
axis condition. Figure 14d is another orientation where significant pulse spreading can be
expected. The amount of pulse spreading contributed by off-axis CCR’s can be estimated
using the geometry of figure 15.*% Inspection of these values and the frames of figure 14
show the reason for the pulse spreading variations listed in figure 11.

Analysis of the waveforms from the reference and satellite arrays shows that the Lageos-
induced broadening is primarily an increase in pulse fall time, with pulse rise time changes
too small to be measured. The data reported in this section were taken with a “point’ aper-
ture (0.9-ur radius) positioned 35-ur off-axis in the far-field pattern of the reflected beam.
During an actual satellite pass, the ground-based receiver will change position in the far field,
although always remaining 35- to 38-ur off-axis. Accordingly, during these tests, data were
taken with the “point” receiver at different locations in the 35- to 38-ur annular region.

No significant difference from the data of figure 11 was noted. Data were also taken with
the “point” aperture replaced by a 30- to 40-ur annular aperture. These data are effectively
an average of the pulse shapes over the entire far-field region of interest. Again, no signifi-
cant difference from the data of figure 11 was noted. In conclusion, the data of figure 11
are an accurate measure of the pulse-spreading characteristics of the Lageos, and this
characteristic is not a sensitive function of receiver position in the far field.

Center-of-Gravity Correction

The range measurements from a ground station to Lageos during a typical satellite pass are,

in fact, distance measurements from a well-defined point on the ground to a point approxi-
mately 5 cm inside the surface of the Lageos. The geophysical applications for which Lageos
was launched require that the range measurements be “‘corrected” so that they can be inter-
preted as distance measurements to the center of mass of the satellite. To do this, it is neces-
sary, to first define precisely the location of the equivalent reflection point within the satellite,
and, secondly, to measure the variability of this point with satellite attitude, because this
represents a potentially irreducible error source in the overall ranging system.

*An accurate calculation must take into account not only the energy reflected by each CCR but also the antenna pattern
associated with each CCR return.
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Figure 14. Lageos images for various orientations.



LAGEOS SURFACE

EFFECTIVE REFLECTION PLANE

REFLECTED PULSE

TIME DELAY
2nd ROW 104 ps
1st ROW 26 ps
PULSE
LAGEOS NORMAL CCR +»——= 0 ps
CENTER DIRECTION
Figure 15. Effect of off-axis CCR’s on pulse spreading.
Physical Mechanism
The equivalent reflection point for a solid cube corner is given by
AR = Lyn? - sin? 9 (1)

where

AR is measured from the center of the front face of the cube corner to the reflection
point

L  is the vertex to front-face dimension
n is the refractive index of the material

#  is the angle of incidence
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Using this equation and the geometry of figure 15, it follows that the reflection planes for the
first and second rows are 3.6 mm and 14.5 mm further into the satellite than that of the normal
CCR. The total signal detected at the receiver station is the sum of the contributions from

the individual CCR’s; therefore, with proper weighting, the received waveform could be calcu-
lated and the equivalent reflection plane, precisely defined. There are two difficulties which
prevent this analytic treatment from being entirely adequate.

First, the proper weighting to apply to each of the CCR reflections is not known better than
approximately £3 dB due to material and manufacturing variations inherent in high-gain CCR’s.
Secondly, the geometry of figure 15 is merely one particular orientation of the satellite with
respect to the incident pulse, and a shift of just 5° of the (unstabilized) satellite would signifi-
cantly change the relative positions of the individual CCR reflection planes. It is clear from

the photographs of figure 14 that significant variations and asymmetries in the cluster of

active Lageos CCR’s exist for different satellite attitudes.

The optical system that was used for the range-correction measurements and is shown in
figure 16, was nearly the same as that used for the pulse-spreading tests (figure 3). The two
differences are: (1) the insertion of a polarization rotator in the 0.53-um beam just before
the entry into the spatial filter-beam expander telescope assembly and (2) the insertion of

a mask with a clear aperture equal to 1 cube corner diameter in front of the satellite. The
data processing system was the same as described in the section, “Instrumentation and Mea-
surement Technique” under “Pulse Spreading’ and illustrated in figure 8.

Instrumentation and Measurement Technique

The measurement technique can be explained with the aid of figure 17. At the top of this
figure, the Lageos is shown behind a mask which allows only the cube corner normal to the
incident beam to be illuminated. This results in a signal S (t) at the output of the receiver,
where R refers to the pulses from the flat reference array in front of the mask, and the Lageos
single cube corner signal is as shown. The mechanical design of the Lageos places the front
face of each of the CCR’s at a distance of 298.1 mm from the center of the satellite. There-
fore, by using equation (2), the point within the satellite from which the single CCR pulse

is reflected can be defined precisely in terms of its relation to the satellite center of mass;
similarly, by measuring the A value of S| (t), the position of the reference array, with respect
to the satellite center, can be defined precisely. Having recorded the S, (t) signal, the mask
was then removed, and the entire satellite was illuminated by the pulse train. This results in
the signal S, (t) at the receiver output. The range correction, AR, for satellite orientation 1
can then be computed from

ct,
AR, = 2981 - (@) - —— (mm) )

17
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Figure 16. Optical system for Lageos
range correction measurements.

where
L = 27.8 mm
n = 1455

t, =

A -4,0)

(3)

This measurement sequence was repeated for a sufficient number of Lageos orientations so
that the entire satellite was mapped. The numerical values for the range correction are slightly
different depending on whether leading edge (half maximum) or peak detection is used in the

receiver. Both sets of values were computed and are reported under ‘“Results.”

Calibration

The instrumentation system used in these tests was evaluated in terms of its precision (or
resolution) and absolute accuracy of time-interval measurement. The precision test consisted
of illuminating the reference array and Lageos as in figure 17 (with mask removed), recording
the received waveshape, measuring the time interval between the reference array and Lageos
pulses, and repeating this measurement a number of times without any changes to the system.
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Figure 17. Measurement technique for Lageos.

The statistics of the time-interval measurement were computed, and the standard deviation
of the measurement was defined as the system precision. One typical set of measurements
is listed in table 1.

Precision checks were run several times during the course of the Lageos testing, and the re-
sults listed in table 1 are typical. To measure accuracy, the Lageos was removed from the
collimated beam, and an additional flat array of CCR’s was installed in front of (and to the
side of) the reference array. The distance between the two arrays was measured with a
caliper, and then the two arrays were illuminated by the laser pulses. The received pulses
were recorded, and the time differential between the reflections from the two arrays was
measured. This measurement of array spacing was then compared with the caliper measure-
ment to evaluate absolute accuracy. The results of this test are listed as follows:

File No. Spacing (ps)
LR 5811 1248
LR 5812 1250
LR 5813 1264
LR 5814 1248
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File No. Spacing (ps)

LR 5815 1262
LR 5816 1247
LR 5819 1243
LR 5820 1252

Predicted Pulse Spacing (Based on Caliper
Measurement) = 1255 ps
Average Difference (Measured—Predicted) =

3 ps (0.5 mm)
Table 1
Instrumentation System Precision
File No. Time Interval (ps) Time Interval (ps)
(Half Max. to Half Max.) . (Peak to Peak)
LR 1429 1140 1131
LR 1430 1143 1120
LR 1431 1143 1117
LR 1432 1152 1137
LR 1434 1143 1114
LR 1435 1143 1120
LR 1436 1137 1137
LR 1438 1143 1134
LR 1439 - 1134 1131

Standard Deviation (Half Maximum) = 3.8 ps (0.6 mm)
Standard Deviation (Peak) 8.9 ps (1.3 mm)

]

Based on these precision and accuracy tests, it is estimated that the pulse measurements are
correct to within #1 mm (or +7 ps).

Results

The range correction measurements for Lageos using the criterion of leading edge/half-maximum
detection are given in figure 18. The average value is 251 mm with a variability of standard
deviation 1.3 mm. The data points at locations -27° latitude and 7° longitude and -27° latitude
and 123° longitude and at the north pole correspond to germanium CCR positions. Some re-
duction in range correction at these locations is apparent as would be expected.

A similar range-correction map is shown in figure 19 for the case of peak detection at the re-
ceiver. The average correction is slightly less at 249 mm and has a variability with a standard
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Figure 18. Lageos range-correction map—half-maximum detection.
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deviation of 1.7 mm. The range-correction variations for both the half-maximum and peak
detection cases are significantly less than the 5-mm systems specification.

The data of figures 18 and 19 were taken with a 1.8-ur receiver field stop-positioned 35 ur
off the center line of the return beam. Additional measurements were taken to determine
if the location of the receiver in the far-field pattern would have any effect on the range
correction.* The receiver was positioned at four different locations (separated by 90°) in
the far field and reference array/Lageos pulse spacing measured. No significant variations
were found; peak deviations in the range correction were approximately 2 mm.

Range-correction measurements were also taken with the annular-field stop in the receiver
system; this essentially averages out any position-dependent variations which do exist. These
results are shown in figure 20, where the listing at the top refers to leading edge half-maximum
detection and the values at the bottom are for peak detection. As expected, the variations

are somewhat less, with the half-maximum values having a standard deviation of 0.2 mm and
the peak detection values having a standard deviation of 1.3 mm.

The effects of transmitter polarization on range correction were also investigated. The satellite
was illuminated with a circularly polarized beam, as well as three different linear polarizations;
the range correction was measured for each case. No statistically significant differences were
observed.

Pulse Shape Variations Due to Coherency Effects

As noted in the section, “Physical Mechanism™ under “Pulse Spreading’ and figure 2, the
laser pulses returned by the individual retroreflectors on the satellite often overlap in time,
and therefore the net field strength at the photodetector is determined by the coherent
addition of the fields from the individual pulses. These optical fields have phases that are

not predictable, and therefore the detected pulse shape can be expected to show some amount
of randomness. Since the time-of-flight measurement is referenced to some point on the
return signal waveform, this variation in received wave shape will introduce some amount of
error in the range measurement.

No direct measurements of single-shot Lageos reflected signals which had sufficient band-
width to show coherent fading were made during this test program. The technology to per-
form such measurements is available,T but is very complex and could not be fitted into the
very tight prelaunch schedule.

However, computer calculations were carried out which provide a good estimate of the

magnitude of this effect. The program for these calculations (Retro-Lageos) was developed

by one of the authors (P. O. Minott) and can be used for cube corner arrays of arbitrary

geometry.

*This is important because in typical ground station-orbiting satellite geometries, the receiver position in the far field of
the return beam moves nearly 180° around the annulus from beginning to end of a pass.

TStl:eak tubes have sufficient bandwidth and sensitivity to make single shot measurements.
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The calculation procedure for Lageos was as follows:

1

. The satellite orientation with respect to the incident pulse was specified. In this case,

the face of the south-pole cube corner was normal to the incident beam..

. The satellite was illuminated with a plane wave of specified wavelength, polarization,

and shape; in this case wayelength was 0.53 um, polarization was vertical, and pulse
shape was Gaussian with a 63-ps standard deviation.

. Each of the participating retroreflectors reflects back a signal whose magnitude is

proportional to the lidar cross section of the retroreflector and whose phase depends
upon its position.

. To determine the magnitude of the pulse from each retroreflector, the program cal-

culates a far-field-diffraction pattern (FFDP), computes the position of the receiver
(including velocity aberration effects), and assigns the value corresponding to this
point as the energy of the reflected pulse.

. Each cube corner produces a pulse with identical temporal width but with differing

peak positions due to the different distances of the individual retroreflectors from
the laser source. The program accounts for this by calculating the optical line-of-sight
distance from the reflection point of each cube corner to the satellite center of
gravity (CG). This is converted to a temporal delay of each cube corner pulse refer-
enced to the spacecraft CG.

. When the pulses returned from each cube corner are known, both from a magnitude

and temporal delay standpoint, the pulses are summed to obtain the net array pulse.
However, a simple summing of the wave forms from all the retroreflectors would
produce only the incoherent wave shape. Therefore, the square root of each pulse
magnitude is taken to convert to a term proportional to the optical field strength,
and a random number generator is used to assign phases between 0 and 2« radians.
The resultant pulses are then summed to obtain the coherent field strength pulse
shape of the array. To convert back to signal strength, the resultant pulse magnitude
is then squared.

. At this point, a single coherent pulse shape has been generated. To determine the

statistics of the pulse centroid position, the process is repeated several hundred times,
and a histogram of the pulse centroid position is developed.

Figure 21 gives the results of these calculations for Lageos. Even with all other system param-
eters fixed, it is apparent that the centroid of the reflected pulse can undergo peak-to-peak
excursions of several hundred ps. The standard deviation of the received pulse is calculated

to be 77 ps. Taking into account that each measurement is a two-way (or double pass) range
measurement, this standard deviation becomes 1.15 c¢m in range.

Clearly, an error source of this magnitude is very significant for Lageos tracking. However, the
pulse shape variations that cause this should be essentially uncorrelated over time intervals of
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Figure 21. Lageos pulse shape variations due to
coherent fading.

approximately 1 second (which is the typical spacing of range measurements), and therefore
data averaging over measurement sets of 10 would effectively reduce this error source to

approximately 4 mm.

LIDAR CROSS-SECTION TESTS

Introduction

The major reason for a careful analysis of the Lidar cross section is shown in figure 22. This
figure shows the expected signal levels from Lageos, using a cross-section value of 7.0 million
square meters, and the parameters of the present Stationary Laser (Stalas) tracking station.
Table 2 shows the parameters of the existing laser tracking stations. The last column labeled
station parameter (Py) gives the figure for each existing station computed as follows

b - 3202 nrgy 1, Ep <_D_> 2 @
N () 9.,
where = quantum efficiency of receiver phototube
7, = optical efficiency of transmitter/receiver combination
7, = tracking error loss
E, = energy transmitted by laser
D = receiver diameter
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N. = number of photoelectrons required for an acceptable range measurement
hv = energy of a photon at the laser wavelength
GT = transmitter divergence to the 1/e? intensity points (Gaussian profile assumed)

In this table, NC has beenset at 1.
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Figure 22. Lidar cross-section analysis.

From figure 22, it can be seen that at 70° zenith angle only 9 photoelectrons are received,
while at 50° zenith angle only 50 photoelectrons are received. Figure 23 shows the root-
mean-square range error to be expected for various signal levels. Clearly, the accuracy of
Lageos ranging is severely limited at present and for the near future by the small cross section
of the satellite. However, because Lageos is expected to have a useful lifetime of several
decades, improvements in ground-station technology should reduce this problem. As shown
in figure 23, an increase of 10 to 20 times in ground-station effectiveness will be required to
fully utilize the accuracy inherent in the Lageos array.

Because of the very weak signal levels, it was decided that a careful analysis of the Lidar cross
section was necessary. The results of this analysis shown in the following sections indicate
that while the average cross section is approximately 70 percent of its design value (10 million
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Table 2
Parameters of Existing and Proposed
Laser Tracking Stations

Tracking (A) ET n Dy To @T , PS
Station Goules) | (%) |(cm) | (%) | (mrad)| '® |(M? X 10%%)
SAO 1 6943 0.50 3.0 51 34 0.6 0.5 0.20
SAO 2 6943 0.50 3.0 51 34 0.6 0.5 0.20
SAO 3 6943 0.50 3.0 51 34 0.6 0.5 0.20
MOBLAS 2 6943 0.25 2.5 51 15 0.25 | 0.5 0.22
MOBLAS 1 6943 0.80 2.5 41 15 0.15 | 0.5 1.24
MOBLAS 3 6943 0.80 2.5 51 15 0.15 0.5 1.91
MOBLAS 4* | 5320 0.25 10.0 75 26 0.20 | 0.5 3.86
MOBLAS 5* | 5320 0.25 10.0 75 26 0.20 |1 0.5 3.86
" MOBLAS 6* | 5320 0.25 10.0 75 26 0.20 } 0.5 3.86
MOBLAS 7* | 5320 0.25 10.0 75 26 0.20 | 0.5 3.86
MOBLAS 8* | 5320 0.25 10.0 75 26 0.20 | 0.5 3.86
STALAS 5320 0.25 10.0 61 0.15¢ 0.10 | 0.5 5.90
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square meters (m?)), for certain conditions it drops by nearly an order of magnitude. The
effects noted are expected to result in considerable changes in the method of operation of
the ground tracking networks.

Instrumentation
Description of Test Equipment

In the following paragraphs, the design parameters of the test equipment used for the Lageos
FFDP tests are discussed.

The FFDP test setup is shown in figure 24. A laser projects radiation into a polarization ro-
tator which controls the orientation of the laser radiation. The beam is then spatially filtered,
expanded, and condensed by a pair of refractive objectives and passed through a hole-coupling
beam splitter. The hole-coupling beam splitter is at the focus of an 85-cm diameter parabola
of 900-cm focal length, which produces an 85-cm collimated beam to illuminate Lageos when
coupled to the previous optical system. Radiation reflected by Lageos is focused by the para-
bola on the hole-coupling beam splitter, which deflects it into an 11:1 relay lens, which, in
turn, produces an expanded image of the FFDP on the optical data digitizer.

LAGEOS
SATELLITE IMAGING LENS
3.81 CM DIAMETER HOLE COUPLING

APERTURE BEAM SPLITTER
/_ PARABOLA

85 CM DIAMETER
9M FOCAL LENGTH

60 CM FLAT

SPATIAL FILTER
AND BEAM EXPANDER FINAL FOCAL PLANE

100M FOCAL LENGTH

OPTICAL DATA

POLARIZATION DIGITIZER

ROTATOR
LASER

Figure 24. Lageos FFDP optical test setup.

29



Several lasers were used in the FFDP tests to evaluate the performance of Lageos at different
wavelengths. The parameters of these lasers are shown in table 3.

Table 3
Laser Parameters

”IV.rase; VT;pei
Characteristic _
HeCd HeNe NdV:YAG B
Wavelength (um) 0.441¢€¢ 0.6328 1.064 0.532
Average Output (w) 0.017 0.010 0.350 0.010
Transverse Mode Structure TEM0 0 TEMO R TEMo R TEMO 0
Amplitude Stability 5% 3% | 25% +10%
Polarization Linear Linear Linear Linear
Polarization Purity 1000:1 >100:1 >50:1 >50:1

The polarization rotator consists of a Gaertner Babinet-Soleil compensator, which acts as a
/4 plate to produce circularly polarized radiation. This is followed by a Nichol prism, which
selects the desired polarization when a plane polarized beam is desired. The Nichol prism is
removed from the system on all tests denoted as circularly polarized. The adjustable nature
of the Babinet-Soleil compensator allows it to be adjusted to A/4 for any desired wavelength.
Tests confirmed a better than 100:1 extinction ratio for the cross polarization when in the
plane-polarized mode.

A Spectra Physics Model 331/332 beam expander/spatial filter was used to expand the laser
beams to 50 mum and to spatially filter the laser beams. This was followed by a second Model
331 collimating objective, which focuses the beam on a hole-coupling beam splitter.

The hole-coupling beam splitter consists of a 25.4-mm (1-n.) diameter, 2.99-mm (C.118-in.)
thick fused silica flat inclined at 45° to the axis of the transmitted beam. At the center of
this flat, a coneshaped hole (f/3.0) is drilled from the back, through the flat, along the axis

of the transmitted beam. The hole in the front reflective face of the flat is a 45° ellipse with

a 180-um minor diameter. The reflective face is flat to a tolerance of 1/4 wave and aluminized
and overcoated with SiO. Because this flat is the only polarization sensitive element in the
system, its reflectivity was checked as a function of polarization orientation and was found

to be constant within 5 percent.

The parabola is a 900-cm focal length, 85-cm aperture aluminized fused silica element. Its

full aperture resolution is on the order of 50 ur, but it is diffraction-limited over any 3.81-

cm element. The source (located at the hole-coupling beam splitter) was placed in the focal
plane, but off-axis in the horizontal direction by 35 cm. The parabola was, therefore, working
in a 2.23° off-axis condition.
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The satellite (Lageos) is supported in a fixture that allows it to rotate about the polar or
equatorial axes built into the Lageos structure. The rotation axes can also be tilted relative
to the optical axis and in a vertical plane by £90°. This allows the satellite to be viewed from
any combination of latitude and longitude. (See figure 5.)

The 60-cm reference flat shown in figure 24 is accurately aligned normal to the incident
radiation, and is used for calibration of the spatial scale of the FFDP and its intensity cali-
bration. The flat is aluminized and overcoated with SiO and has a reflectivity of 92 percent
at 6328 A. Its use is further described in a future section of this document.

The reflected FFDP from Lageos was imaged on the hole-coupling beam splitter by the 900-cm
parabola. Because this scale was incompatible with the optical data digitizer, an 11:1 relay
lens was used to lengthen the effective focal length to 100 meters.

The optical data digitizer (ODD) is basically a computer-controlled digital video camera that
can be commanded by a computer to scan the image and store the intensity values for each
coordinate location in digital form. Its characteristics are shown in figure 25. The ODD was
controlled by a PDP-11/40 computer and was modified by incorporating an electromechanical
shutter that could be computer controlled. Exposures were made at 2.5 ms to eliminate
image motion. A narrow-band interference filter was used to eliminate stray room light, and
neutral density filters were used for additional control over exposure.

Spatial Resolution

The goal of the optical systems used for the Lageos FFDP tests was to obtain a spatial reso-
lution of 5 ur. The primary source of aberration was the 85-cm parabola used to collimate
the radiation incident on the spacecraft. Because it was necessary to produce an obscuration-
free beam, the parabola could not be used on-axis. It was therefore used 2.23° off-axis, which
allowed the source to be 35-cm off-axis and prevented the source from obscuring the satellite.
It is well known that the aberrations of a parabola off-axis are quite severe, and if it had been
necessary to use the entire beam, the aberrations would have been intolerable. However, the
retroreflective nature of the cube corners compensates for all aberrations of the collimator
except those occurring within the aperture illuminating an individual cube corner. Therefore,
the collimator effectively had an aperture of 3.81 c¢m, and with a focal length of 900 cm

was working at £/236. In order to determine the image quality, a ray trace was done using
the GOALS Program, which resulted in the data shown in figure 26. The geometrical ray
trace/ray distribution in the system focal plane for perfect retroreflector is listed as follows:

Percent Diameter
Total Rays Microradians (ur)
10 1.2
20 2.0
30 2.4
40 34
50 4.6
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Percent Diameter

Total Rays Microradians (ur)
60 5.8
70 6.0
80 7.2
90 8.6
100 : 10.0

These data are for the worst location in the collimator beam. Resolution was better by a
factor of about 2 over most of the beam. Therefore, the spatial resolution was approximately

the 5 pr desired.

Parallax

When an array of cube corners is observed in a collimator of the type used in this experiment,
focusing of the system is quite critical. The focal range for an individual cube corner is quite
large (141 mm), so that focusing of the system is unimportant from the individual cube corner
standpoint, but, from the array standpoint, unless the focal plane relayed to the optical data
digitizer corresponds to the plane of the source, severe parallax will occur. At the source plane,
all images overlap as they would in the far field, but in front of this plane, the ray bundles
from each cube corner converge on the source and diverge behind it. The method used in

this experiment to assure that parallax does not occur is to move a single cube corner about
the aperture of the parabola. If the image is observed to move in the final image plane, then
parallax exists and must be corrected by moving the relay lens. Using this technique, parallax
could be easily kept below 2 ur.

Beam Uniformity

The radiation from the lasers was spatially filtered by a Spectra Physics Model 331/332
spatial filter/beam expander to produce a 50-mm (1/e? intensity points) diameter collimated
beam. After being condensed by a second Model 331 objective and passing through the hole-
coupling beam splitter, it emerged as an f/3.6 cone which illuminated the 85-cm parabola.
Because the focal length of the parabola was 900 cm, the cone was 250 cm across when it
reached the parabola. Because only the central 30 cm of the beam-illuminating cube corners
in Lageos are capable of producing reflection, we need worry only about the beam taper
over the central 30 cm. After passing through the spatial filter, the beam intensity profile

is Gaussian and described by the following equation

2,2
/I, = 2€ /D 5)

where r is the radius of interest and a is the 1/e? intensity radius. Since ris 15 cm (30 cm/2)
and a is 125 cm (250 cm/2), the intensity at the edge of the 30-cm effective beam was theo-
retically 97.2 percent of the central intensity. Experimentally, the evaluation of the beam
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EMR PHOTOELECTRIC

et Model 658 A

GENERAL

Until quite recently, visucl data had to be manually or mechanically pre-processed before the
computer could synthesize it into meaningful information. The new EMR Optical Data Digitizer has
made this off-line pre-processing a thing of the past. With the O.D.D. the computer perceives visual
data on-line as it determines what should be looked at and for how long.

By eliminating the pre-processing operation and by permitting the selection of pertinent input, the
0O.D.D. expands the service capability of the computer into visual applications whose scope is limited
only by the imagination of the user and his software capabilities.

HOW THE O.D.D. WORKS

The Optical Data Digitizer creates the binary equivalent of a two-dimensional optical image and
thus prepares it for immediate input for the computer. Having complete control over the O.D.D.
scan along the X, Y coordinates enables the computer fo select the size of each scanning step, choose
the direction of the scan, determine the dwell time per element, all with random access capabilities.
The computer based on predetermined instructions, can then perform computations and initiate pro-
cedures in accordance with the kind of data it receives. It can also perform arithmetic functions such
as summing, averaging over several cycles, deconvolving, or formatting for tape entry.

To accommodate the wide range of applications for which the O.D.D. can be utilized, a choice of
image sensors is available and includes the highly reliable EMR Image Dissector and a number of
vidicon sensors (SEC, SIT/EBS, Sb,S,, PbQ, or Si).

The mode of converting the optical image into its electronic equivalent varies with the sensor. Using
the Image Dissector, conversion takes place by scanning an electronic image emitted by a target
across an aperture. Vidicon sensors, on the other hand, perform this function by holding the corre-
sponding charge pattern on a target for subsequent read-out by ane electron beam. The deflection
field for either type of sensor is provided by a scanning-function driver which receives its analog
voltage input from a scanning-function decoder. This permits the digital output of the computer
to be used in controlling the scanning pattern within the sensor.

In the case of vidicon sensors, the electron chorge-level output of the sensor is translated by the
intensity-function detector into voltage or current levels suitable for input to the intensity-function
encoder for A/D conversion. The resultant binary signal is stored and processed by the computer,
which then prints out, displays, or formats for tape entry any pertinent information about the data
determined by the software program.

Figure 25. Copies of EMR data sheets (1 of 4}.
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Model 658 A

ELECTRO-OPTICAL

Sensor:

Optics:

Input Window:
Input Image Size:

Recommended Sensor
lllumination Range:

Signal Transfer Function:
Uniformity:
Elemental Exposure Time:

Sensor Modulation
Transfer Function:

Maximum Readout Time:
Photocathode Dark Current:

ADDRESS & DATA

Commandable Data
Points:

Addressing Accuracy:
Addressing Time:
Speed:

Signai-to-noise Ratio:

Encoder:

ENVIRONMENTAL

Operating Temperatures:
Operating Humidity:
Vibration:

Shock:
Storage Temperature:

COMPUTER RELATED

Interface:

Software Provided:
Peripherals:

SPURIOUS EMISSION:

EMR Model 575 Image Dissector.

Specified or provided by customer.

7056 Glass flat, .080" { 2.03mm) thick or fiber optic.
28 mm x 28 mm or any format less than 43 mm diagonal.

Five to 50 foot-candles.

Unit gamma throughout range.

=+ 20% absolute, will not change faster than 2%/mm.
Controlled in software.

20 Ip/mm @ 50%

40 Ip/mm limiting } with 19 Micron aperture.

Controlled in software.
10° electrons/sec/cm?, nominal at 20°C.

4096 Xlocations x 4096 Y locations max.

.03% RMS data point repeatability. Randomly addressable.

Error at any point in field: 3% of field (referred to optical input). .5% optional.
Depending upon address, 2 us for 1% of field, 30 us for full axis.

Processing time per element is controlled in software. For small steps,

50 us per element is typical.

Dependent upon number of quantum events per exposure time. Given by:
S/N = 1.22d|/EKt

d = aperture dia. in mils

E = face plate illumination in foot candles

At = dwell time, us

8 bit ADC standard, 4 us conversion time. 10 & 12 bit optional, also 4 us
conversion time.

Specifications valid at ambient temperatures from 60-90°F (16-32°C).

Less than 80% R.H.

MICI;-STD-81OB, Method 514, Procedure X “Shipment by Common Carrier”
(5G)

MIL-STD-8108, Method 516, Procedure V “Bench Handling” and Procedure
VI “Rail Impact Test."”

32-131°F (0-55°C).

All interfacing is accomplished via the computer. No direct interface with
the camera is reduired. Test connectors are provided for real time monitoring
at the camera head.

Camera control and camera scanning. .
Computer equipment may be interfaced normally. The camera interface card
requires one stot.

FCC Ruling (Part 15) “Unintended Radiation."”
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Figure 25. Copies of EMR data sheets (2 of 4).
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(54.6 mm) (4.1 mm)
4. 30" L 4. 00" 7. 00" xgl-l:tzinUgNPéo-l;s
(109. 2 mm) {101, 6 mm) (177.8 mm) 74 (6.4 ) Deep
Mtg. Center Mtg. Center (4 holes)
OUTLINE DRAWING
WEIGHT 20 Ibs.
POWER +15V dc @ 2A

+5Vdc @ 1A
(Power supply optional)
NOTE 1 — Options:

Standard: Option 1 Precision deflection assembly, ==.5% geometry.
Option 2 Sample and hold (for dwell times less than 10 us).
Option 3 10 bit ADC.
Option 4 12 bit ADC.
Option 5 Dynamic focus (for apertures less than 2 mil).
Option 6 Computer selected variable bandwith, 100 kHz, 10'kHz, 1 kHz, 100 Hz.

Speed: Process times per element as short as 2 us for small steps can be provided,
if required.
Size: For applications where computer size is objectionable, a control box with

hard wired program can be provided, if required.

Power Supply: A separate power supply Model 635A (635C rackmount) is available, operat-
ing from 115VAC 60Hz, same case size as 658A ODD.

Computer: Unit can be supplied without computer or with alternate computer if required.

NOTE 2: A special circuit is provided within the camera head to determine when the
camera address has settled.

NOTE 3: The use of a computer to set the scanning format allows the user an infinite

number of variations which is obtainable in no other manner. These varia-
tions, of course, include direction of scan, size of scanning step, random
access, and dwell time per element change as well as the ability to perform
computations from the data as it is generated. This computation may take the
form of averaging over several cycles in order to obtain accuracy, deconvoiv-
ing, or performing arithmetic functions such as summing, etc.

Oniy about 200 words are used in the scanning program. Therefore, many
words are available for use by the customer in his programs.

Figure 256. Copies of EMR data sheets (3 of 4).
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uniformity indicated no areas within the 85-cm aperture, which were less than 92 percent of
the peak value.

Parameters

The FFDP of the Lageos is a function of wavelength, state of polarization, and aspect angle
of the satellite. Therefore measurements were made at several wavelengths (4416 A, 5320 A,
6328 A, and 10,640 A) and several states of polarization (vertical, 45°, horizontal, and cir-
cular) to investigate the behavior of the satellite for these various conditions. Due to the
symmetrical nature of the satellite, only slight changes in its FFDP with aspect angle were
expected or noted. Therefore, an average FFDP was obtained for each wavelength and state
of polarization by taking a FFDP at each of the 55 locations shown in the following list:

(I]?:;ZS:) Longitude (Degrees)
90 0
70 0, 60, 120, 180, 240, 300
60 0, 60, 120, 180, 240, 300
30 0, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 330
0 0, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 330
30 0, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 330
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Latitude

itude (D
(Degrees) Longitude (Degrees)
60 0, 60, 120, 180, 240, 300
70 0, 60, 120, 180, 240, 300
90 0

The patterns were then summed and averaged in the PDP 11 /40 computer to producq one
average FFDP. This procedure effectively eliminated any statistical variations in the pattern
due to coherence effects.

Scale Calibration

In order to establish the spatial scale of the FFDP on the final computer output, a special
mask was constructed to cover the reference flat. This mask consisted of two parallel 1-mm
by 10-cm slits spaced at a center-to-center distance of 63.28 mm. This double slit arrangement
will give a Youngs interference pattern with maxima at

S=mMd m=0,1,2,... 6)

where d is the center-to-center separation of the slits and A is the wavelength. Therefore at

a wavelength of 6328 A, the fringe spacing in the final image plane was 10 ur. By removing
Lageos from the beam, exposures could be made of the flat covered with the mask, and images
could be displayed on the computer output. The relay lens was then adjusted to give pre-
cisely the spatial scale required. This method has the advantage that no accurate knowledge
of the focal lengths of the various optical elements, or the scaling in the ODD/PDP 11/40 is
required. Scale calibration was set to within one image element (2 X 2 ur) at full scale,

which made the spatial scale accurate to +2 percent.

Calibration of Cross Section

Calibration of the FFDP in terms of intensity would be meaningless since it depends upon
the irradiance at the satellite. Therefore, the FFDP’s were calibrated in terms of lidar cross
section, which fits directly into the radar-range equation and does not depend upon the
parameters of the measuring system. The procedure of calibration was to expose the mea-
suring system to the return from a known cross section. This produced an intensity that
could be directly related to cross section. Once intensity was calibrated with respect to
cross section, all intensity values could be converted by ratio to cross section.

The known target in this case was a 3.81-cm diameter flat, which was obtained by masking
the 60-cm flat. For a flat, the peak cross section is

4nA? P
)\2

(N
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where A is the area of the flat, p is the reflectivity, and X is the wavelength. The reflectivity
of the flat was measured and found to be 0.924 at 6328 A.

77.39 X 10° m?2 at \ = 4416 &

o —3

6 =5333X10°m2atA = 53204

o =3769X10°m?atA = 63284

o = 13.33X 10°m? at A = 10640 A

The above assumes constant reflectivity across the wavelength band.

Results

The following subroutines and figures present the results and explain their interpretation.

Far-Field Diffraction Patterns

Figure 27 shows a typical FFDP as presented by the PDP 11/40. At the top of the figure, the
label indicates that this is an average FFDP (obtained by averaging FFDP’s which were rea-
sonably evenly distributed over the Lageos surface), that it is for a wavelength of 6328 A,

and that the polarization is vertical. The vertical scale of the FFDP is labeled along the left-
hand border, and the horizontal scale along the bottom. The matrix of numbers displays

the effective cross section of the satellite for each position in the far field. Each number gives
the effective cross section for its location in the far field. The coding of the numbers (denoted
as Z-axis scaling) is given at the bottom of the graph. In most cases, one unit in the graph cor-
responds to 2 X 10 m?, 2 units to 4 X 10° m?, 3 units to 6 X 10% m?, etc. Due to the velocity
aberration, the laser station will always lie in an annulus of 32.77 to 38.44 ur. A circle of

32 ur and a circle of 38 ur have been approximated by the lines shown on the matrix to approx-
imate the area of interest. The blank area at the center of the graph is caused by the hole-
coupling beam splitter. Because this area is of no practical use, the loss of these data is unim-
portant. Data beyond 38 ur in either X or Y directions have been cut off. When the cross
sections were digitized, each value was assigned to the digit that was the next below its value.
Therefore a 0.5 would show as 0, 1.3 as 1, 2.7 as 2, etc. Blank areas are to be interpreted as
zeros. In cases where the cross section exceeds the range allowed by the coding scheme, an
asterisk is shown.

At the bottom of the graph are shown the number of frames averaged and the date on which
the data were taken are shown as well as a computer reference number.

Cross Section Versus Azimuth Curves

During testing, a pronounced polarization effect was noticed. This effect caused the intensities
in the FFDP to vary with azimuth. Therefore, graphs presenting a running average for the
values of cross section in the 32- to 38-ur annulus as a function of azimuth angle were made
for each wavelength and type of polarization. The average was taken over an 18° sector of
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Figure 27. A typical FFDP presented by the PDP 11/40.

azimuth centered on the azimuth displayed in the graph. Most of these graphs show a pro-
nounced variation of cross section with azimuths that lines up with the orientation of the
polarization vector. Zero degrees corresponds to horizontal, with angles increasing counter-

clockwise. Figure 28 is an example of this type of curve.

Cross-Section Histograms

The probability density and cumulative density of the cross-section values in the 32 to 38
microradian annulus are shown in these graphs. Labeling of the axis is obvious. In addition,
some statistical parameters of the cross section are shown (minimum, maximum, mean,
median, and standard deviation). Figure 29 is an example of this type of curve.

Data Presentation

The results are shown in order of increasing wavelength (figures 30 through 53). For each
wavelength and state of polarization, a FFDP graph, a cross-section versus azimuth, and a
cross-section histogram are given in order. These are then followed by the new wavelength/
polarization state. For convenience, table 4 presents a cross-reference of wavelength/polari-

zation versus figure number.

40




xxx% LAGEGOS DATA ANALY SIS xxxx
GODDARD SPACE FLIGHT CEHTER ..., MISSION TECHNOLOGY DIVISION

CROSS SECTION VS, RZINUTH ANGLE

WAVELENGTH = .6328 POLARIZATIOHN = VERTICAL
ze LI I | b i [} I T
M 18 L -
I
L
1€ | -~
L
1
[
c 14 =
R
N
o
s
s 12 [ —
s
4]
r e L =
s
E
S
[ -] - -
[}
T
1
e { -
°
M
N
E
4 L -
T
E
R 2 - -
s
b
] - —
1 1 1 I ! 1 1 — 1]
° as oe 135 180 zas 27e 315 3ce
DEGREES ARZIMUTH RANGLE
REF. ¢: LCSS0@ DATE : B7-JUN-TE

Figure 28. Cross section versus azimuth curve.

SUMMARY OF TEST RESULTS
Pulse Spreading

The pulse spreading introduced by Lageos at 0.53 um has an average value of 125 ps FWHM
(area weighted over the satellite surface). This result is derived for a system with a response
of 205 ps and an average width (FWHM) of 240 ps. Results of the RETRO computer anal-
ysis (Appendix A) show that nearly all of the reflected energy comes from cube corners
whose effective optical range is between 0.2427 and 0.2594 meter from the Lageos CG.
This indicates that the maximum pulse spreading to be expected would be 111 ps, which is
in close agreement with the 125-ps experimental results.

The results of analysis using the RETRO program show that the pulse spreading caused by
Lageos is not a function of wavelength; that pulse spreading is not significantly affected by
satellite orientation; and that exact pulse shapes from Lageos can be predicted for any given
pulse length using the RETRO program.

The effects of the Lageos response upon the reflected pulse shape appear only in the trailing
edge of the pulse and vary considerably with orientation of the spacecraft. For maximum
accuracy with Lageos, ranging systems should be designed to detect the leading edge of the
pulse.
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Figure 29. Cross-section histogram.

Further, the amount of pulse spreading is not significantly dependent on the location of the
receiver in the far field.

Center-of-Gravity (CG) Correction

The CG correction has an area-weighted average of 251 mm for leading edge half-maximum
detection with a standard deviation of 1.3 mm (5320 A). The CG correction has an average
value of 249 mm for peak detection with a standard deviation of 1.7 mm (5320 A).

Computer analysis has been performed which correlates to measured values to within 2.5 mm.
(See Appendix B.) Based upon this analysis, CG correction was found not to be a function
of wavelength. No effects of polarization upon range correction were found during the test.

The effects of coherent interference upon received waveform have been analyzed by com-
puter. Results show that the centroid of the pulse has a standard deviation of 1.15 cm in
range, and that the probability distribution is skewed toward smaller range corrections.

(See Appendix B.)
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Table 4
Index to Lidar Cross-Section Test Results

Figure Number
Wavelength o e 7 L
Polarization Azimuth .
(Angstroms) FFDP Curve Histogram
4416 Vertical 3-9 3—-10 3-11
5320 Horizontal 3-12 3-—-13 3—-14
Circular 3-15 3-16 317
6328 Vertical 3-18 3—-19 3-20
45 Degrees 3-21 3-22 3-23
Horizontal 3-24 3-25 3-26
Circular 3-27 3-28 3-29
10,640 Vertical 3-30 3-31 3-32
Cross Section

Maximum lidar cross section occurs at 5320 A, with lower values at longer and shorter wave-
lengths. The area-weighted average cross section in the 34- to 38-ur annulus is listed as follows

‘ Wavelength (&) Cross Section (m2? X 109)
4416 4.27
5320 7.12
6328 5.31
10,640 5.69

The far-field diffraction patterns (FFDP) show strong polarization-induced variations with
azimuth. Testing and computer analysis proved that this effect was caused by the use of total
internal reflection type cube corners. The variation in azimuth is approximately +3 dB around
the average for all wavelengths. The FFDP patterns measured during the tests and computer
analysis indicate that the peak cross sections lie inside the 34- to 38-ur operational annulus

at a radius of approximately 20 ur. (See graphs in the section “Lidar Cross-Section Tests”

for details.)
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APPENDIX A
ANALYSIS OF LAGEOS USING RETRO PROGRAM

An analysis of the Lageos array performance was done using the RETRO program, which
was developed at GSFC for the analysis of cube corner arrays. The results of this analysis
follow.

In the analysis procedure, cube corners that are beyond the angle at which total internal
reflection occurs were assumed to have zero cross section. In actual test, it was found that
due to Fresnel reflection these cube corners actually contributed to the cross section. For
convenience, the analysis was done looking at the satellite from the south pole. This makes
the cube corners lie in rings of equal incidence angle symmetrical about the pole, and facilities
understanding how the array works. The analysis can be (and was) done at other angles, but
these add no new information. On Unit 6, page 17,* the pole cube (No. 1) and six cube cor-
ners in a ring inclined at 10.1° contribute nearly all of the cross section (Nos. 2-7). The re-
mainder of the cube corners are not effective. Since the optical positions of these six cube
corners lie 255 mm from the CG, the CG correction is expected to be close to this value. An
exact solution of the convolution of a 60-ps (FWHM) pulse is performed on Unit 11, page 2,*
and confirms that the peak of the pulse indeed lies at 252.5 * 2.5 mm, which is quite close

to this row of six corners. The measured CG correction in this orientation was 250 mm,
which is slightly less due to the contribution of cube corners operating in the Fresnel mode
which are not included in the analysis.

On Unit 11, page 1,* a FFDP for the array is computed and displayed in the same format as
used in the section, ““Lidar Cross-Section Tests.”” A comparison of the calculated FFDP with
the measured values shows a very close agreement. The peak cross section lies at the center,
followed by a rapid drop, and then a secondary toroid surrounds the central maximum at a
radius of approximately 20 to 25 ur. Cross section then rapidly falls off. A strong azimuthal
asymmetry can be seen in both FFDP’s caused by the use of total internal reflection type
cube corners.

The cross section at the receiver position is indicated as O.ST times the peak cross section, or
approximately 13 million square meters, while, the minimum value at the same radius is 0.2
times the peak cross section, or approximately 5.2 million square meters. The average value
in the 34- to 38-ur annulus is approximately 70 percent higher than the measured value of
5.31 million square meters.

*Refers to the computer printout from the RETRO program (see pages A-3 through A-27).
TAll values in the crosssection matrix are normalized to the peak value and have an implied decimal point in front of them.



The pulse shape (Unit 11, page 2)* shows a slight skewing towards the spacecraft CG, but
the pulse width is only slightly larger than would be predicted from a point reflector.

Unit 11, page 3,* shows the effect of coherence upon the position of the centroids of indivi-
dual pulses. As expected, the mode occurs at the peak of the predicted incoherent pulse,
but the histogram is strongly skewed causing the average CG correction to be approximately
8 mm less than predicted by incoherent methods.

In summary, the calculations show very good correlation with measurement. Because of
space limitations, only one sample of the many calculations made has been shown. However,
on the basis of the results, it is believed that accurate prediction of Lageos performance can
be made for system parameters not covered in the test program.

*Refers to the computer printout from the RETRO program (see pages A-3 through A-27).
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CALCULATED VALUES

TRAMNSMITTER CHARACTERISTICS

FHOTON ENCPGY 0« 3720-18 JOULES

NUMBER OF PHOTONS/PUL SE 0.1339D 19

ANTENNA GAIN ~ T ’ 0.5120D0 0O T Tt
STATION PARAMETER C«48A40D0 24 SQUARE METERS

" ANTENNA GAIN - oo ST T T T T T T 90700 13 Tt Tt e
REQUINRE D SIEGNAL 041493ID-15 JUULES

PATH CHARACTERISTICS e

- RANGE - oo— - “5900.0000° -~ — KILOMETERS
ATMUSPHERIC TRANSMISS ICN _ o 047000 o
PATH PARAMETER 0.2038D-30 METCRS
“PAR FIELD  COONMDINATES ~— - -~ - e e e e e e
FOLAR ANGLE (PSTi 37.5918 MICRORADL ANS
AZIHUTH ANGLE (ETA) 0.0 DEGREE S e
TAHCET CROSS-SECTION -~ -—— —— - ~~=————— ——=-—-— - —- 43,8916 - SQUARE "ME TERSt IN-MILL1ONS -
SI GNAL
PHOTOELECTRANS /PUL SE 13.3 L o
MARG IN 1433

1.24 ve
UNIT 6 PAGE 3 )



9V

lNTE8EEREKLE.E&EELIS.EJSIDﬁBAI,

25
PROBAEILITY DENSITY

LASER POLAR ANCLE 6.0 DEGRFES
S e~ LASER- AZEMUTH ANGLE-— 00 - — DEGREES -~ - o e L e
¥ IME MICPCINTY PERCENT
(PICO CELT A R PFR BIN
T TTSECCNDS) ~ ™ ~ (MLTEFSI™
-8504.56 ~Cel27€ + Ue0
-883.54 ~Col32¢ 4 o I 0.0 . A
—-G17.30 ~Qel3 1 + 0.0
-950.66 —~Cel¥ZS 4 0.0
~584 401 «~Cela?s & 0.0
—101737 —Col52E + 0.0
-1050e73 -Cel37F + 0.0
~10R8 o CB ——=C 1625 % TTTT T e g g S
-1117.44 ~Cesl07¢ + 0«0
~1150480 -~Col725 4 040
~1194,15 -Cel77% + 0.0
-1217.51 -0.1825 ¢ 0.0
—12504€6 =~Cel97% ¢ 0e0
—1243 22  ~Ca19ZE + 0.0
—1317.58 -0.197% + 0.50
~1350eS3 " "Ce202% # e R Y D0 SR R
-13P8 429 -Ce207% 4 0.0
~1817,.€S ~CaZl 25 +% 150
-1451 400 ~CeZl P& +HA% 3.00
-1488 426 ~0e2225 +%# 2.00
~1507e12 —Ce22 1 tEENE# 5400
-155t «(C?7 ~CelJZCE P2y k 700
-13R4493 =Cel237S 422 Ekkk% 8. 00
~1€17479 -Ce20 2% +9RREKTEX R 7450
~1651. 148 —Ce2B7E +AKREREKERARERE NN N REK KD 22,50
~1638 « 50 —Ce2F2C 12X XX FEERNNRARRRIEEKENIANNEE IR IRK AR 35650
— 1717665 ~Ce237EC +480abaxn 7.00
-1751e21 ~Ce202% + 0.0
-1784.57 ~Ced075 + 0e0
-1817 452 ~Ce272% ¢ 0.0
-1€51 .28 ~Ce277C ¢ 0.0
-1EP3 €A ~CePBZe & - i 1
-1917.59 ~Ce2d 75 + 0.0
~IQSI-35 -0-2925 + 0.0
AR R R R R R R R N R Y R R R R YRR IE XX TN Y ¥ Y ¥ O G,
+ + 4+ + + + 4 + + + 4+ 10000
0 5 10 15 20 30 s 40 45 50

THE CENTRCID 1S T T=0352463 MCTERS OFR =1630512 PICCCECONDS - - - - - -

THE STANDZ2AD CEVIATICN IS 040115 METERS
THE NUMBER OF SAMFLES - 20040000

UNTT 11 PAGE
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RESERVED FOR FUTURE USE

UNIT 6 PAGES 13-16



8V

CULLE CORNER CFOSS SECTIUNS

CUBE INCI DENCE EFFCCTIVE GAIN CROSS apPTIC AL
CAONNER ANGL E ARE 2 SECY;UN ] DELTA R ODELTA R - -
- »
(CEGREES) {METERS ) (METERS X 10 ) (METERS) (METERS)
1 Ce O T T 06411801002 T T T TG 248580 1g T Tttt TR B T T T =052 T2 YT T RG2S 9T T
2 1de 118 0.877760-03 0,17098D 10 1.5008 —0.2678 ~0+2550
3 10 1168 0.877760-03 Q0.31510D 10 207659 ... =0e2678B______—042550 .
3 1Ve 11 E OQat77700-03 0.16294D 10 16936 ~0e2678 ~0e2550
S 10118 0.87776D-03 Ce1C€484D 10 Ce3202 -0.2678 -02550
6 tv. 11E 0e8B77760-03 0.104840N 10 09202 -0+2678 -=025%0- - - .-
7 10. 118 Qe817776D0~-03 Ces 192940 10 1.6936 -G.2678 =-0+25%0
;] 19« £48 . U0 0.0 00 ~0e2559 0.0
9 - I1SJEQE — 7030 T Ce O 030" 7T T T T2 082559 050
10 16. €48 0.618030-03 C.27583D0 €9 042323 -0e2559 ~042427
11 1G. EAE 0.0 R . N . 0.0 | —=0+25959 _ _.0Qe0 __ .
12 15, €48 0.0 Ce0 00 ~0+2559 0.0
13 1. £E48 00 C.0 0.0 -0e25959 040
14 15. €48 0461803D-03 Ce2€5100 09 Gel762 . —0e2599 - - =0¢2427- - -
15 19, €48 Q.0 0.0 0.0 ~0e2559 0.0
16 1Ge E4E Ge0 0.0 0.0 ~0e2559 040
17 ——- 15. 898 ~ - —030 T Ce 0 01 TT=0:2559 030
1) 19. EA2 0.0 0.0 0.0 -0« 2%59 0.0
19 t5. €48 0.61803D-03 Ce18002D 09 0.1113 —-Ne25959 ~0.2427
°0 2% 5176 0e0 Q.0 Ge0 ~0e2366 0.0
21 296 79 0.0 0.0 0«0 -0¢2366 0.+0
22 2%¢5%S 0.0 - et - % ¢ B 0.0 ~02366 ERIS + 11 +
23 2G4 5176 0.0 Ce0 0.0 ~0e2366 040
2A 2G. 576 0.0 C.0 0«0 ~0.2366 0.0
2% 29 57% T T TUQIQTTTTTTTTT T T T T TR0 T T TTTTTTT T " D60 T T 20623066 00
<6 29.57S 0.0 0.0 0.0 ~0¢2366 040
27 23578 Q.0 e CeO Oe0 —0e2366___ 040 _
2R 234579 Je0 0.0 0.0 ~0e¢2366 0«0
29 2%.57¢ 0.0 Ce0 Qe0 —0e2306 00
10 €3¢516 0«0 Ge 0 0«0 -0e2366 - 00 -
31 25695175 [t YY) 0.0 0«0 ~02366 0.0
32 264516 0.0 Qe 040 ~0e2366 0.0
33 2955 1S o0 030 030 ~0:23606 030
3a 29. 5176 0.0 0.0 00 —02366 000
a5 29 C17S 04376750—03 CeG272130 09 043663 ~02366 ~0.2227
6 29¢ S19 0.0 0.0 0.0 —02366 0«0
3?7 25¢57S Ve0 0.0 00 -02366 0.0
i 39. 3CS 00 - - Ca0 - 0.0 -04210% - 0.0 - -
39 3%, 3C9 0.0 0.0 O« 0 -0210S 0.0
40 3Ge 2CS 0.0 C.0 0.0 —02105 040
a1 g, 3C9 “Q0s0— Q@ e ittt 040 “0:2105— 0:0—
a2 364 (S 0.0 Gs+0Q 0ol ~02105 0.0
43 39, 3CS 0«0 Ce.0 0«0 ~04210% 0.0
44 1G4 306 0.0 0.0 0«0 -0e2105 0.0
AS 39. 3CS 0.0 Qe0 0.0 -0.210% 0.0
af 33. 3CS 0.0 Ce0 0«0 -0.2105 0.0
ar 345, 2(S 0.0 0«0 0.0 ~02105 0.0
A8 39. 306 0.0 0.0 0.0 -0.2105 0.0
A9 39, 3CS 00 It 1 2 A N 0e 0 ~032108 ~Oa -
50 JSe 3CS 040 0.0 00 -02105 0.0

UNIT & PAGE
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cuse_cdsNER CROSS SECTIONS

UNIT 6 PAGE

18

CUBE INCI DENCE EFFECTIVE GAIN CROSS oPTIC AL
CORNER - ANGLE s meene- - AHE ----—2 D e inki it ’--SEET%UN - 6— DELTA R ----DELTA R
({CEGREES) (METERS ) {MFTERS X 10 ) (METERS) (METERS)
BT T 36473CS T Q0T 00 0:0 i =0:s210S 00
52 39. 3C9 0.0 0.0 0.0 -0.2105 040
53 0 3Se 3CS 04178940-03 _ .0e13339D 10 o 02387 _ . —0e2105_ ___=~0e1955____
54 356 306 0.0 0.0 Qa0 ~0.2105 0.0
55 394 3(S 0.0 CeO 0.0 -0.2105 0.0
56 39+ 365 [+ I} 0.0 0.0 -0.2105 060 .
ST 36« 309 0.0 0«0 0.0 -0.2105 00
58 3G9« 2CS 0.0 0.0 0«0 -0.2105 0.0
59 395 3ICS 00 00 Q30— T = 0E 20T 0N 0T
60 39. 3C9 0.0 0e0 0e0 -0210S5 0.0
nl 45.C3S Q.0 Ca0 Qe 0 -0s1784 00
62 4% G3C Ge0 0.0 0.0 01784 00
63 4G4 C2S 0.0 Ce0 0.0 -0.1784 0.0
;23 4G, G35 QeQ - - -— 00 e d ~0e1783 0«0
65 456 C32S 0.0 Q.0 0.0 -0.1784 0.0
60 4c, C3S 0.466330-04 0.4144G6D0 @9 0.0193 —0e 1784 ~0.1619
h:S 2Rl TP dh L Suindntlll 1 14 « Rabiniemeeahetinsemsstusi 13 ) Rttt * S <0e1783 7T Q40T T TTTT
68 4G. C3S 0«0 Ce0 0.0 -0.1783 0.0
6 ASe LIS 00 _ 0.0 0e0 -0e1784 0.0
TV 460 C36 0.0 Ce0 Q0.0 -0.1783 0.0
71 4G4 CJ3S 0.0 Ca0 O« 0 ~-0e1783 040
72 - 4Ge €36 - - = Qa0 - - - - -Q0e0 - Qe -0.1783 - 0«0
73 454 €26 0.0 0.0 0«0 -0e1783 0.0
74 46, €23 Oel} 0.0 0.0 -0.1783 0.0
75 - 4cs C2S 7 T 050 s~ T T T ° - AU LY ¢ S T 2081783 7060 T T
76 4G, C35 0.0 0.0 0.0 -0.1783 0.0
77 _ A5+ C3S - 0.0 i Z 940 B 0.0 ~0s1764 0.0
78 454 C2S 0«0 Ce0 0.0 -0.1784 0.0
79 4G, €39 0.0 0«0 Oe ) ~0.1783 0.0
80 45 C3S 0¢466330-04 G.A15460 09 0.0194 -0e1784% ~-0e1619
81 4¢e CJIS 0.0 0.0 0¢0 ~-0e1784 0.0
a2 Ate €36 U.0 Ce0 0«0 ~0.1783 0.0
gy " AST T3S 030 050 e e i £ 3 ¢ Rt K3 B £ - Rbamshaamtnnll X 1 st
10 2454 C2S 0.0 Ce0 0Oe«0 ~0.1784 0«0
a5 AGe L 26 0«0 Ge0 040 -0.]1783 0.0
b 454 GC3S 0.0 0«0 Q.0 ~0.1784 0.0
a7 AGe L3S 0.0 Q.0 Qe0 -0.1784 0.0
ng S5€e 7CS 0+0 - Q.0 0«0 -0e1411 0.0
a9 GE. 7€9 0.0 Ce0 0.0 ~-0.1411 0.0
90 5E+s 76S 0.0 00 0.0 -0elall 00
91 504 76S Qg T T 0 0T e 0.0 -0el1611 0:0 -
92 SEe 7€S 0.0 Ce0 0.0 -0es1411 0.0
93 S58e 7166 0.0 0.0 Oe0 ~0e1811 0«0
94 S€e 7€% 0.0 Ce0 0.0 -0e.1411 0.0
95 Ste 76S 0.0 Jg.0 O0e0 -0ei411 0.0
96 Ste 7€S 0.0 Ge0 Q0.0 -0.t411} 0.0
97 5€e 765 0.0 G0 N0 -0.1411 0.0
94 SEe 765 0.0 0.0 Ve0 -0.1411 0.0
99 a8 7¢9 0.0 Cs 0 0;0-- - —-- ~=0slA1 - - 050 -
100 5€e 769 0.0 O 0 0.0 -0e.lat1 0.0



or-v

s me-ee .. -. CUBE CORNER CROSS SECTIONS'

cuBe INCIDEN(E EFFECTIVE GAIN CROSS oPTICAL
CURNER ANGL - - AREA R - - SECTION 6- DELTA R - —— - DELTA -F--
) 2 2
(DEGREES) ({MCTERS ) (“ETFRS X 10 ) ({METERS) ({METERS)

101 = 77777 SEe7ESTTTTTTTTTO L0 T VIO~ T T T T T TTT U0 =0 1811 V0
102 Sfe 766 040 0«0 0«0 ~-0.1411 0.0
103 S5€e 765 0.0 . - .. Q.0 : 0e0 _ . .= 0el48) 0.0
104 5Le TES Q.0 Q.0 0.0 ~0s.1011 0.0
108 5Ee 7€S 0.0 040 0«0 -0«14811 0.0
ton 566 766G 0.0 - - Q.0 - - 0.0 - . -=Celal1l. --- -040
107 SEe 765 0.0 0s0 0«0 ~-0.1411 00
1u8 S5€e 765 0.0 CeO 0.0 ~0e1411 0.0

09 “7 7 58476 030 0:0 00 e FE Y B o 00

10 S5Ce 7€S Q.0 Q.0 00 ~0el411 0.0

11 $€e 766G . 0.0 . . . . _ CeaQ . L . 0.0 ~-0.1411 ... 0e0 __ -
e 5€e 7¢S Q.0 0.0 Ve 0 -0el1811 0.0

13 S€e 7GS Oe0 Ce0 0.0 -0elntll 0.0

14 - G58.7€5 R Qe0 - - - - L -Ce0 - - - . 0690 . “'OI"" 0.0 -
15 Ete 766 0.0 0.0 . 00 ~Cetal} Ge0

1% 5L« 7€8 040 Ce O N0 ~0e.tall 0.0

17 "~ T T SEVTCSTTT TN 050 -0 00 inaianitanehialt R L S B § 050
1in GEe 7665 0.0 0.0 Oe0 -0e1411 0.0
119 07.C18 0.0 0.0 A _ 0.0 -0.1062 . 060
120 6. C18 0.0 Vo0 0.0 -0.1062 6.0
121 €E7.C1E 0.0 [ ) 0«0 -0.10062 0.0
122 67.018 Q.0 - - .- ' X 0«0 ~01062 B | T ¢ B
123 6« GLE Q) 0.0 0.0 ~0.1062 0«0
| k) 67.01¢€ 0s0 C.0 0«0 -0.1062 0.0
125 - : GTle G1E 777 Qe T T ot Q0 T e P . T T TR 01062 T T 040 T
126 07. 0148 0«0 0.0 . N0 -0.1062 040
127 67. Q1E N 0.0 . e L Cs0 0.0 -0.1062 _ . 0.0 . . .
123 €ie 0VE 0«0 Q0.0 [+ XYV] ~0¢1062 0.0

<9 HbleClE Q.0 0.0 0.0 -0.1062 0.0

30 6€ieCla 0.0 - g.0 Qe O - - ~0s1062 0.0

N 670 CLE 0.0 Ce0 Oe0 -Qes1062 0.0

32 uvl.C e 0.0 Ce0 Qe 0 -~0s1062 00

b3 Anasant > B £ 3 0 8 B oo 00 00y oSO 01062 030

34 67. C1E 0.0 . G« 0 0«0 ~0el 062 00

395 6l.018 00 . . Ce0 . . . 040 ~0.1062 0.0

o tle GLE 0.0 Je0 00 ~0,1062 0.0

37 61.C1P - 0.0 0.0 0.0 ~0s1062 0.0

33 67. C18 Qa0 - e e - 0.0 . Qe ) -0.1062 0e0 .. . — ..
39 61« CLE 0.0 Q.0 0.0 ~041062 0.0

40 67.018 0.0 Ca0 0«0 ~0e1062 0.0

a1 G6lsCtE - B¢ I e ¢ T ¢ Mt e ¢ R Y 1) S . - =0st062 00— -
42 67.018 0.0 ¢g.0 0.0 ~0s1062 0.0

43 67. G018 0.0 o . . Q.0 00 ~-0+1062 . .00

AG 6fleClE 0.0 Q.0 0«0 ~0s1062 040

a5 67.C18 0.0 de0 Q0.0 ~0s1062 040

A0 61« C1E Qo0 Q.0 - 00 ~0e¢1062 [ Y}

a7 67.C18 0.0 Q.0 Qe 0 ~0.1062 0.0

a) Gl C1l8 VeV 0.0 Ve O ~0e1062 0.0

L) 61018 ° - - 040" Akt ¢ £ 1| St 00 - . - ~0:1062° —— 00 o
59 760 748 040 Ce9 Je O ~0.0624 0.0

- - - 0 o s P 28 e i Bt o e e e
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v

—CUBE CORNER CROSS SECTIONS

CUBE INCI DENCE EFFECTIVE GA IN CROSS © OPTICAL
CORNER ANGLE - - -AREA-- -.;__.____._ ———m e e o e h—— e SEC?;ON— eeimss—~— - DELTA R - . DELTA- R
! 4 6
(NEGREES) (MFTERS ) (METERS X 10 ) {METERS) (METERS)
TIS1 T TTTT TG TAE T T T UR0 Ca0 0s0 =0s0862! 0
152 7€. 748 0.0 Ce0 0.0 -0e0624 0.0
153 7€ 14E . 0eQ 0.0 __ .. 0e0 __ o =0e0624 _ ___ Qe0__ .
159 760 742 0.0 0«0 0.0 —0.0624 0.0
£S5 T€e TAE 0.0 0.0 040 -0e0624 0.0
F56 7€ 146 - 060 - - - 0.0 0.0 -0.0624 -— - Qe0-- —- .-
157 7€ 71E 0.0 0.0 0.0 -0.0624 040
158 7€ T4E U0 0«0 0.0 —-0.0624 0.0
159 76 T8E 030 'TR 030 =0:062% 00
160 T6e 748 0.0 0.0 0.0 -0+.0624 0«0
161 7€e 10E 040 N 040 . 0.0 -0.0624 _ _ 040 .
162 T€e 148 Jel) Ce0 0.0 ~0+0624 0.0
153 7CGe T1AE 040 0.0 0«0 —0.0624 00
164 760 148 Ge0 - QeV 0.0 -0.0624 040 -
163 76¢ 7148 0.0 0.0 0.9 —-0.062% 00
166 7€e 748 0.0 CeO 0.0 -0e0024 0.0
167~ F€eFA8 "~ T T T T T TT0L 0 - TT TR0 T T T T T L0628 TR 0T T
169 T€e 118 0.0 0.0 0.0 -0.0624 [+ )
162 TGe 748 0.0 0.0 0.0 -0.0624 0.0
170 7€e 1AE 0.0 0.0 0.0 -0.0624 0.0
171 7€ 248 0.0 CeD 0.0 -0.0624 0.0
172 760 14E 0.0 - - - - - - 0.0 - 0e0 «~00624 - - 0e0--
173 7€e 14E 0.0 Ge0 Je0 —0s0624 0.0
174 T7€e 148 0.0 C.0 Q.0 ~-0.0624 0.0
175 TEeTAE ~——7 70,0 7 - 00 TtoTTTmTm ot TT TR0 T T T T T 00628 T 0s0" "7
| 0 T€e T4E OV Ge0 Qel) -0e0624 0«0
177 76e 748 Q.0 _ Ce0 _ 0.0 -0.0624 . 0.0 _
178 7€. 748 0.0 0.0 0.0 —~0.0624 0.0
177 1€s 708 Q.0 Q.0 0.0 -0.0624 0.0
130 7¢€. 148 0.0 Ce0 Q0.0 . =0.0624 0.0
161 T€e T4E 0.0 0.0 [ XXV} -0.0624 0.0
182 Ete | 28 0.0 0«0 0.0 -0.0231 040
183 - T mAaf 11T 0:0 - 050 - - 080 T — o T m w3023 T QRO
184 £€e 135 0.0 0«0 0«0 -0.0231¢ 0.0
185 ESe 115 Oe0 Ce0 0.0 -0.0231 0.0
1406 ESe 125 00 0.0 0.0 -0.0231 040
187 EE, 128 0.0 Ce 0 0.0 -0,0231 040
184 8te. 135 0.0 0.0 0.0 -0.0231 00
109 €te 125 0.0 Ge0 0.0 —0.0231 0.0
190 Ate 128 0.0 Ge0 040, -0.0231 040
191 £€. 133 B A L X b ltt - 0.0 ~0:0231 - —-~00 -
192 E€e 12C 0.0 Ce 0 0.0 -0.0231 0.0
193 8%, 1138 0.0 0.0 0.0 -0.0231 040
134 ECe 128 0.0 0.0 0.0 -0e0N231 0«0
195 Ete 133 0.0 0«0 0.0 -0.0231 0.0
196 826135 Qe Q.0 Q.0 -0.0231 00
197 ESe 135 Ue0 G0 0.0 -0.0231 0.0
198 E€e 139 0.0 0.0 0.0 -0.0231 0«0
199 ££. 139 0.0 0:0 040+ <~ Tt C - =030231 - 030
200 Ece 13€ 0.0 Ce0 0.0 -0.0231 040

UNIT 6 PAGE
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v

CUBE CORNER CRUOSS SECTIONS'

CUBE INCI DENCE EFFCECTIVE SAIN CROSS 0P TICAL
CORNER  ANGLE : AREA - - - - SECT 10N DELTA R - - - DEL¥A R - -
2 2 6 X
(CEGREES) (METERS ) (METERS X 10 ) {ME TERS) (METERS)
201 " T UTTUESI13STTTTTTTIOLOT 00"~ TTTTTTTTT T T T .0 —TT=0:0231 0.0
202 E€, 125 0.0 Ce0 040 ~0.0231 040
203 £%4 135 0.0 . . ...0s0 0s0 Lol . m0e0231_ . 00
204 EE.13€ 0.0 G.0 0.0 ~0.0231 0.0
205 88,11 0.0 0.0 0.0 -0.0231 0.0
206 Et. 138 0.0 - Ve 0 0e0 -0.0231 - 0.0
207 8%e 135 LU0 0.0 0.0 ~0.0231 0.0
208 €€, 135 040 ) 0.0 0.0 -0.0231 0.0
209 - gfi 1% T 030 — g 00 - TR0 T T 2050231 0:0
210 ac, 125 0.0 00 0.0 ~-0.0231 0.0
211 €54 135S 0.0 - o 0.0 0.0 -0.0231 = 040 _
212 B€e 115 0.0 0.0 0.0 -0,0231 0.0
213 €t 135 0e0 0.0 040 ~0.0231 0.0
214 94, E¢% 0.0 - . 0.0 - 0.0 -0.0231 - Qe0
215 Q4. ECE 0.0 0.0 0.0 ~0.0231 . 0.0
216 J4e EL5 Q.0 0.0 0.0 ~-0.0231 0.0
217 - TO9BEEG T T T Qa0 T T T T T T T T T T T Qg T T T T T s S e s T T ST - 20402317 0 a0 -
213 4, EES Ue0 0.0 0.0 -0.0231 0.0
219 94, EES Qe . Ce0 | 0.0 ~0.0231 0«0
220 94, ECS Ve0 Ce0 0.0 -0.0231 D0
221 Qhe EES 0.0 0.0 0.0 ~0.0231 0.0
222 Qlbe E€5 0.0 - . - .. Ce0 0.0 ~0e0231 . . Q0e0 - --m -
223 94, E6S 0.0 0e) 0.0 -0.0231 0.0
P4 G4 ECS 0.0 0e0 0e0 -0.0231 0.0
223 S8, E€ES TTC TOR0 I el ¢ PO co T =040231 0G0 -
226 94 ECS 0.0 0.0 0.0 ~0.0231 0.0
227 948, E€S OeU . L Qe . 0e0 -0.0238 _ 0.0 __.
2249 94, €5 0e0 Gs0 . 00 ~-0,0231 0.0
223 94, ECS 0.0 040 0.0 -0.0231 0.0
2309 94, £ €S 0.0 0.0 0.0 -0.0231 0.0
231 GA. ECS (T Ue0 0e0 -0.0231 0.0
2132 S8 EED Oe0 0.0 0.0 -0.,0231 0.0
233 T TQATEES T o300 030 00 TTT=050231 00"
214 Ga, EEE 0.0 0.0 0.0 -0.0231 0.0
235 Vb4e E€S 040 0.0 00 ~-0.0231 0.0
236 V4, EES 0.0 0e0 0.0 —-0.,0231 0.0
237 Q4o EES 0e0 0.0 040 ~-0.0231 0.0
233 94, FLS Oev - 0e0 - 0.0 -0.0231 - 060 . - -
239 94, E€5 0e0 : 0.0 0.0 -0.0231 0.0
240 3. EES . 0.0 0«0 0.0 -0,0231 0.0
241 99; £€9 B+ Y e P s B e - 060 vt - © - =m0g023t Q50—
242 Gas EE€S Vo0 0.0 0.0 ~-0.0231 040
243 Gae E€3 0.0 . 0.0 0.0 -0,0231 0.0
244 YA, EES 0.0 Ce0 0e0 -0,0231 040
245 940 EEE 0,0 0.0 0.0 -0.,0231 0e0
246 103, 2%2 0.0 0.0 0.0 ~040624 0.0
247 103s 2%2 0.0 0.0 0.0 ~0s0626 0.0
2413 103e 262 0.0 0.0 0.0 -2.,0624 0.0
249 1N 2¢2° 030 =~ & e e e— Q@ - - ST 0607 Tt 0 050628~ - -0 G0 T
250 102, 2¢2 0.0 0.0 0.0 ~0+0624 0.0
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CUEE_CORNER CRCSS SECTIONS

cupe INCLOENCE EFFECTIVE GAIN CROSS © apPTICAL
CCRNFR.  ANGLE e e AREA e e e e e s e e SEG';ON - = = - -DELTA R -.— —.DELTA R---- -
2 ]
({DEGREES) {METERS ) (METERS X 10 ) (METERS) (METERS)
25T 77103 252 L0 00 00 =0:062% <0
252 1032 252 0.0 0.0 0.0 —Ne0624 0.0
2513 102. 252 - .. 0.0 _ e _.__Ce0 ____. . o 00 . =0e0626 0.0
25% 102. 2% 2 Q0.0 0.0 0.0 ~00624 040
255 102.2%2 00 0.0 0.0 -0.0624 0.0
256 103. 2€2 0e0 - Ce0 0.0 =0e0624 - - 040 - . .
297 103.2¢2 0.0 C.0 00 ~0.0624 00
254 102s 252 0.0 Ce0 Q.0 -0+0624 0.0
RS TTTIOIe 22 Us0 0% 0 0s0 =03062% 0s0
200 103.2%2 0.0 0.0 Qe0 —0.0624 0.0
261 103. 2%t 2 0.0 0.0 . . 0.0 -0.0624 ... D0
262 103 252 00 0.0 0e0 —0.0624 0.0
263 102, 2¢ 2 0.0 G0 0.0 -0.0624 0.0
264 102. 2% 2 0«0 - 0e0 0.0 -0.0624 Ce0 o
265 102s 2% & 0«0 0«0 0.0 ~0.0624 0.0
2o 102. 282 0.0 00 0+ 0 -0.0624 0.0
267 102 282 T 7T 060 00 T TG0 T T T 2 050628 T T 0%07 T
263 1026 2% 2 0.0 Q.0 - 0e0 -0.0624 040
269 102. 2¢2 0.0 0.0 0.0 —0.06248 0.0
270 103252 0.0 Qa0 0.0 -0.0624 0.0
271 1036 2% ¢ Do} Ce0 0.0 ~0.0624 00
272 103. 2% 2 0.0 -Ce0 0«0 ~00624 - - - 0e0--
2713 103, 2¢2 0.0 Ce. 0 0.0 —0.0624 0.0
274 102, 2¢ 2 0.0 3.0 0.0 -0.0624 0.0
2795 ° 102,22 ST QR0 T T T s T QT T T T T T T Qe T T T T 2040628 i+ I ¢ A
276 103. 2% 2 : 0.0 Qe0 0.0 ~-0.0624 [ %]
277 102, 25 2 0.0 0.0 . 00 —0.0624 0e0
279 112.GE€2 0.0 Ce0 . 0.0 -0.1062 0.0
279 112.GE2 0.0 0.0 0.0 -0e1062 0.0
2R0 11249E2 0e0 0.0 \ 0.0 -0.1062 040
211 1tceQEZ 0.0 Oe0 0.0 041062 0+0
2d? 11ceSEZ 040 0.0 G«0 —01062 0.0
© 293 - 112e9€2""—""7040 — B €30 T s e 0 O m i 0510027 040~
278 112.5¢2 00 0.0 ° ¢ 0.0 -0.1062 0.0
235 112GE€2 0.0 0.0 . 0«0 -0.1062 0.0
286 11ceGEZ 0.0 00 0Ve0 -0.1062 0.0
287 11ze SEE 0.0 0.0 0.0 -041062 0.0
248 112eGEC 0.0 0.0 0.0 -0.1062 0.0
219 11ceGE2 0.0 Cs0 0.0 -0.1062 0.0
20 112582 0.0 0.0 0«0 -0.1062 0.0
291 112.982 - 0:Q T T QO T Tt S 060 -0:1062 - 0.0 — -
212 112.9E2 0.0 0.0 0.0 ~-0.1062 0.0
293 112eGE2 0«0 0.0 Qe ~-0e1062 00
24 112.G6E€2 V.0 [Py 1] 0.0 -0.1062 0.0
295 1126 GE2 0.0 Q.0 Qa0 =-0¢1062 040
296 1125EZ 0.0 G.0 Qe 0 -0es1062 - 00 -
297 112.9€2 Q0 Ge O 0e0 -0e1062 040
294 112e5E2 Q00 Q.0 00 -0.1062 040
299 112. 582 - 0:0 AR ¢ 'Y+ B - Comr e e QRO s e O O G R —0§Q - —-
300 112. 582 00 0.0 0.0 -0e1062 0«0
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N . .. . .. . _._.CUBE COKNER CRD5S SECTIONS

CUBE INCI DERCE TEFFECTIVE GAIN CROSS OPTICAL
CURNER ANGL E -- - AREA-~ ——ee - - SECTION DELTA R - - -- DELTA R - -
2 2 6
(CLGREES) (METERS ) (METERS X 10 ) {METERS) (METERS)
TIOV TTTTTTITI2.9€E2 T 0G0 T+ 0 Tt T TTTTTTTON - T 2051062 050
302 1124GE7 G.0 0«0 0.0 . -0.1062 0.0
303 1124982 _. . 0.0 i .. CeO ___ i 0.0 _ . ..=061062 _ 00
304 11ze9¢2 Qe 0.0 0.0 -0.1062 00
Jos 112.%E2 0.0 Ce0 0.0 -0.1062 0.0
306 112.Gk¢2 0¢0 - - G0 . 060 ~01062 - 0.0
RIVN4 112.6¢82 Q.0 0.0 0.0 —0.1062 040
joAa 112.9E2 0.0 0.0 . 0.0 -0s1062 0.0
309 " T7C U 1218 221 T OS0 U:0 00" TTTTT T T =05 1811 U0
310 1216231 0.0 Q0 0.0 -0.1411 0.0
an léle 231 0.0 I . ) 0.0 ) i . 0.0 .. —0el1811 0.0 -
312 12te 221 0.0 0«0 0.0 -0el8t11 040
13 121e 221 0.0 0.0 0.0 -N.1411 0.0
114 121e 2310 [} RN . - - Qe . Qe 0 -0ela1l1 --0e0
315 tzlecll 0.0 Q0 N0 -0.1411 0.0
36 121. 221 U0 0.0 0.0 -0e1411 0.0
317 121231 T 060 030 T QRO cm s =05t Al T 0:0
313 12te 23 1 0.0 0.0 0«0 -0.1411 0.0
39 121. 221 0.0 0.0 0.0 —0.1411 040
320 121,221 0.0 ) 0.0 Ue0 -0.1411 0.0
J21 H i1 0.0 C+0 0.0 -0.1411 0.0
322 ‘ KN | 0oV - - - Ce0 . Qe 0 -0.l141L1 0.0 - - - --
323 121221 0.0 0.0 Va0 -0.1411 0.0
a2a 121. 2231 Q.0 0.0 0e0 -0.1411 0.0
325 : 121. 221 - TQeQ TTTTTITITITT S T Qe T T T T 7 0607 T T T =0el 81T TR0 T
326 121,331 0.0 Q0«0 0.0 ~-0e1411 0.0
327 121221 Ue0 ) . Q0.0 o Oev o ~0es141L __ 0e0 __
328 121231 Vel 0.0 Qe -0.1411 0.0
329 lzile 231 0.0 Q.0 0.0 -0.1411 0.0
330 121e221 Q.0 040 0.0 - - =0elall 0«0
3.4 1zlezcild 0.0 Ce . G« 0 -0.1411 0.0
3132 1z1. 231 0.0 0.0 0.0 -0.1411 0«0
333 - 7 77 121821 T 060 - 030 030 =031%11 030
334 121. 231 0.0 Q.0 0.0 -0,1411 0.0
335 121s 221 eV X 0.0 . Va0 . -0et811 0.0
3135 121221 0,0 0.0 ) 0.0 ~0.1411 0.0
KRY4 121s 23 1 V.0 0.0 Q00 ~0.1411 0.0
3349 1212231 0.0 .0 . 0.0 -0.1411 - 0.0 - e
439 1216231 0.0 0.0 0.0 -0.14811 0.0
3ag 120.6¢€1 0.9 Q.0 00 -0.17848 0.0
3a1 | o e ) e < R ' e ¢ Y + Bt 1 TR I £ . T 3 030
Ja2 130. 6¢C1 00 0.0 0.0 -0.1784 0.0
KER | 130, 9¢t 0e0 B . Q.0 . 3«0 . . =Qe1783 L X
344 12Ce G€1 0e«0 0.0 . 0.0 —-0.1 784 0.0
345 13G.6¢1 .0 C.0 0.0 ~0.1784 040
344 130.6¢€¢1 0.0 . 0.0 . 0.0 -0.1.783 0.0
347 130.5¢1 0.0 . .0 0.0 -0.1783 0.0
A3 13C.6¢1 00 0.0 Q0 -0.1784 0.0
3473 120eS5e€} cT 0&Q v e --0F0 e 2 et ¢ P i - 3 Rl ] 1 et
150 120.5¢1t

0.0 0.0 0.0 -0s1783 0.0
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CUBE INCI DEMNC ‘EFFECTIVE dAlN CROSS 0P TICAL
CORNER ANGLE - - - ‘"E‘———z————-’—-—-——-—-—-—-—~ s i = - - — BECET ION- - - - DELTA R- -.—- DELTA R -
2 6
(DEG REES) (METERS ) (METERS X 10 ) (ME TERS) (METERS)

35T - " 1306 SE1 00 030 L ) “=0s1783 030
52 . 13CeS€1 0.0 Ce0 - 0.0 —0.1783 0.0
353 . 130.S€1 . _ 0e0 _ . _ _ ___ . _ _ Q0 __ . .. .. 0e0 . =0.1783 __ _ 040 __
354 13¢.SC 1 0.0 G« 0 0.0 -0.,1783 0.0 -
355 13C.5¢1 Oet) 0.0 Ue0 ~0s1783 040
3566 - - 13CeS€1) - 0.0 - 0.0 0.0 —-0.1784 - 0«0
357 13¢.5¢€1 VeDd 0.0 0.0 -0.1784 0.0
A543 12Ce S€E1 [ YY) 0.0 . 0.0 -0.1783 0«0
IS T IICSSEY 030 O r e e T L TTTT =0.1788%8 V0
300 13C¢G5€1 OV .0 0.0 ~0.) 784 0.0
301 13Ce S¢ 1 0s0 ) . Cs0 0.0 -0.1783 . 0.0
362 13C.5€1 0.0 Ce0 0.0 —0.1784 0.0
363 13¢.6¢1 Ve0 0.0 . 0.0 —0.17684 G0
364 130.6¢€1 0.0 0.0 Qed ~0.1783 0«0
3InS 13C.5¢1 060 0.0 0.0 -0.1784 0.0
366 12C. G€} 0.0 0.0 O} ~0e.1784 0.0
367 T IAGe €Sl C TTTTTT QL0 T T T T T T TR QT T T T T T T T (g T T T T T 206021085 T TN 080 T 0
any 14Ce €61 0.0 0.0 0.0 ~-0.2105 0.0
164 140+ €51 060 Qe0 Qe 0 -0.2105 0.0
370 14Ce €S 0.0 0.0 0.0 -0.,2105 0.0
T 14C. €61 Vel Oe0 0.0 ~0e21095 0.0
372 140. €51 0«0 - - C.Q - . - 0.0 -0.2105 . . 0.0
373 14C. €51 0.0 0.d 0.0 -02105 0.0
374 14Ce €S 0«0 g.0 0.0 —0.2105 0.0
375 T T 130 ESY T U0 L0 T M Y] e ¢ Y ¢ T T =0e2105 77T TT 060 "7
370 1404 €51 0.0 G.0 0.0 ~0e2105 0«0
377 R 14C. €51 060 . . . __._ . _..._. G0 . . 0.0 -0s2105 | 0.0
378 14C. €S ] Q0«0 G.0 Ve 0 -0.2105 0.0
379 140 €51 0«0 G.0 0.0 _=0s2105 0.0
3130 14C. €51 040 0.0 Q.0 ~0.2105 0.0
3Al t4Ce €51 0.0 Q.0 Gs0 —062105 0.0
32 14Ce €51 00 G0 0.0 -0.2105 0.0
383 © 0 77 T 1405 €651 0s0 - - V¥ I £ T T =0e2108 7T "0 QT T
3sa 14C, €51 0.0 e 0 0«0 ~0.2105 00
385 14C. €61 0.0 Ge 0 0.0 ~0.2105 0.0
3an 14C. €51 0.0 0.0 Q.0 -0.2105 00
387 1120. €61 040 0.0 Oe0) -0.2105 00
ass 1aCe €51 0.0 - 0.0 0.0 -02105 0.0
389 1406 €51 Vel 0.0 040 —0s2105 0.0
390 15Ce A¢ ! 0.0 .0 0.0 ~0s2366 0.0
391 190. &2 1 IS 1 ¢ Akttt ¢ 1 ¢ E N h G0 . ~0e2366 © 0e0 -~
Jaz 15Ce 42 ] 00 Ge O 0.0 -0e23606 0.0
3u3 15C. A2 1 0.0 0.0 0e0 -0.2366 0.0
Jus 15Ge 42 1 0.0 Q.0 040 —042366 0.0
Jas 15C. 421 0.0 0.0 Q0.0 -0.2366 0.0
396 15C. 421 0«0 C.0 C.0 -0.2366 - 040
sz 150+ 42 | 0.0 0.0 00 -0e2366 0.0
Jo3 15C. 42} ’ 0.0 0.0 0,0 ~0.2366 0.0
399 " 15%0. 821 0.0 I  £1+ B o ey T s e w2366 050 T T
400 1SCe 22 ) 0.0 0.0 0.0 ~0.2366 0.0
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THE
THE

"GAIN

..--CUBE..CURNER CRCSS SECTIONS

CUBE INCICENCE EFFECTYIVE CROSS OoPTICAL
CORNER ANGL E e - AREMA - - e e e SECT;ON DELTA R -——- — DELTA- R - -
2 4 6
({DCG REES) (METERS ) (METERS X 10 ) ({METERS) (METERS)
A0 7T T IS CL A2 1 TUeO U3 0 Vo0~ =0+2366 Us0
402 15Ce 42 1 0.0 0.0 0.0 * =0e2366 0.0
403 150 421 _ . . 040 _Qs0 __ _0e0_ ...=023€6 ______O0e0_____
a04 15Cs 421 0.0 Cs0 0.0 -02366 0.0
405 15C. 421 0.0 0.0 0.0 ~0e2366 040
406 1500 42 1 - 040 00 - 0.0 ~0e2366 -~ 00 -
A07 15Ce 4z | 0.0 Ce 0 0.0 -0e¢2366 0.0
408 16C. 181 0.0 0.0 0.0 ~0e2559 040
307 T 1606 181 Vo0 LR Y Qi T T T T TR 062559 0.0
atlo 1600 1E1 0.0 0.0 0.0 —0.2559 G .0
11 16C. 1€} 0.0 _ 0.0 0.0 ~0e2559 . .00 -
412 16Ce 1€1 0.0 0.0 0.0 -02559 0«0
a3 1650. 162 0.0 G« 0 0.0 —0¢2559 0.0
414 16GC. 1€ 1 0.0 - - - 0«0 0.0 ~02559 - 00
415 160. 151 0.0 G0 0.0 -0.2559 0.0
415 16Ce 151 0.0 Q.0 0e0 -0.2559 0.0
/17 T 1eCe 1Y 7 0 TTT 0G0 T T T T T 0 TTTTTE Q6 Q T “~*=0:s2859 - ~“0s0
418 16Ce lEl 0.0 0.0 0.0 -0.2559 0.0
419 16C. 151 0.0 0«0 0«0 —042559 0.0
40 16Se. EE1 0e0 0,0 0.0 ~0.2678 00
421 105« 8E1 0.0 G.0 0.0 —0s2678 0.0
422 165+ 8E€1 0.0 0.0 0.0 ~042678 0.0 -
423 {6s. ael Q0.0 0.0 De0 -0.2678 0.0
a4 165¢ €EE1 0.0 0.0 Us0 ~02678 0.0
42% 16€« 381" "~ =" "QGQ T T T T Q60 0 T - - OO0 =0:2678 " QSO "~
A26 18C.CCC 0.0 0.0 040 -0e.2721 0.0
SUM OF THE ARE A= LHY097D~02

SUM OF THE (ROSS SECTIONST

1344916 SQUARE METERS

UNIT 6 PAGE 25

(IN MILLIONS)




L1V

(VL1

CCRANER

<

FIN NN NI N oo e ot 0 ot ot s o

~N
~C

DN U, NIVEUN=C LANTRS LN

DISTANCES-METERS

CARTES AN CUORD INATES

X
0.0
0.v478
Ce0239
-0.0229
~0.,04 78
~0.022)
0.2 29
g.0724
0. 05C0O
0.04€27
- LeOUCLO
-0e04C2
-0.,0000
-0sC3C4
~0.0400
=0.04¢€2
00000
UeQ4cC2
0.08CO
Cel1343
Cal2€2
0.1029
0.0671
Qe0227
~0.0223
~0.0n71
~0e1029
-0.12€2
—0.1343
-Cel2€2
~0.1029

=05 06 11

-0.022
CeV2233
00071
Q0.1029
CellC2
Nal724
Cel0EQ

0.1273

Ol 70

0eC76.%

Ce03C1
-0.0118
~ 00727
-Ue0I6A
-0e 1327
-Cel15E1
-0.17(n
-0.172¢(A

CUBE CORNCR CODRDINATES

ANGLES-DEGRELS

SPHERICAL COORDINATES
THETA PHI

ORIENTATION ANGLES
PHI

UNIT 6 PAGE 4-

R THETA GAMMA

Y - I 4 Tt T C c C N - - N .
0.0 0.2721 0.2721 OO0 0.0 0¢ 0 00 55000
0.0 04,2678 0.2721 10.118 0.0 10.118 0.0 91,000
Ve.0414a 0.2678 02721 10.1180 60,000 10.118 60000 65000
0e041a 02678 0621721 10.118 120,000 10.118 120,000 39,000
0.0000 0.2678 042721 10118 180000 10.118 180,000 13.000
-0.041a 0.2078 0.2721 10.118 2404000 10118 240.000 t07.000
—-0.0414 0.2678 0.2721 10.118 300.000 10118 300.000 A1.000
0.0 -~ -~ S 0625597 7T QL2721 T T 7194 BAB T T 7 040 - 19.848 - 0.0 T TTTRILO000
0«0402 042559 0e2721 19.448 30000 19.848 30000 17.000
00800 062559 0e21721 19.848 60,000 19.848 60.000 111.000
00924 02559 0e2721 19.848 90.000 19. 848 90,000 85.000
040800 02559 Q.2721 19.£48 120.000 19.848 120000 59,000
O0e0402 02559 - 0.2721 19.84R 150,000 19.848 150000 33.000
0«0000 02559 0.2721 19.848 180.000 19.848 180000 7.000
-0.0402 042556 0e21721 19,648 210,000 19,848 210.000 101,000
~=0e 0800 - 062558 = " "02T2F —~ " I1$SB88T T T 2804.000 7" 194848 7777 2805000 ——7%:000
-0e0024 0+2516 0e2721 19.848 270.000 19.848 270,000 49.00C
-0.,0800 042555 0.2721 19.840 300.000 19.84808 300,000 234000
~0e0462 02559 0e2721 19.848 3304000 19.848 330.000. 117.000
0.0 0s23068 0e.21721 26579 0.0 25579 0.0 31.000
0.0459 02366 - -Qe2721 2G.570 -20.000 260579 200000 --—-—---5+000
NeQllL Ne2300C 0.2721 29579 40.000 29,579 40.000 96.000
*0.1163 De.2306 0.21721 294579 60,000 29579 60000 73.000
-7 081323 T 02366 0:2721° 7 7T 2%:i579Y T T R0N00TTT T T 2879 T T T BOS000TTT T W 75000
Vel323 0e230L6 0.2721 26579 100,000 29579 100.000 21000
Oeli6l 0e2300 _ 0e2721 234579 120000 294579 ... 120.000_______115.000_
0e08063 02306 0.2721 29579 140000 2Ge 579 140000 89.000
00459 0.2300 0s2721 29579 160.000 294579 160000 €3.000
Qe DUOY 062366 0e2721 29579 1306000 - - . 29579 180000 - - ---37.000
-0.0459 042360 0.2721 294579 2004000 294579 200.000 11.000
047863 0.2366 062721 29579 220000 29579 220000 105.000
T =00 11673 U230 o271t 293579 2¥0S000 29787923807 000 795000
~0e1323 062306 g.2721 2%e579 260000 29¢579 260,000 53.00C
-0e1323 0+2306 0.2721 29579 280. 000 265179 2804000 = 27000
-0e1163 0423060 0.221 29.579 3006000 294579 3004000 1.00¢C
-0.0863 02366 0e2721 29579 3204000 29.579 320.000 95.000
-Ue0a59 02306 0e.2721 - - 29579 - 3404000 29« 579 - . 340000-— - . . -69.00C
e} 0.2108 0e.2721 39.3C9 0.0 3G. 309 0.0 29,000
00465 0.2105 0.,2721 JYe 309 156652 3G6. 309 15652 J.000
-0:§0896 Cs210Y 0727 395309 31300 39:309 " 31530% 97Ts00C
0s1260 0.,2105 Qe.21721 39. 309 460957 * 354309 464957 7100C
061530 . .0e2105 _  _0e2721 39309 624609 . 3S.309 624609 . __ 45.00C
VelbBY Ce210Y Qe21721 39. 309 78,261 39. 309 784261 $19.00C
0e1720 (e210S 042721 39.309 93.913 3Ge 309 93.913 113.000
0+.1624 (2105 0e2721 39309 1094566 39. 309 109.566 -. .- - 87.000
0.1408 0e 21085 0.2721 39,309 125.218 394309 125.218 61.00C
O« 1088 02105 062721 39.309 140.870 364 309 140.870 35000
0.00887 ~ ~—"0s2108 osTT21 395309 " "1563522 39309 156:%22 " 9:000"
00235 0.2105 0.2721 39.209 172174 3G 309 1724174 103.000
-0.0235 0e2108% 02721 39.309 1878206 39.309 - 187,826 _.77.000



81V

fURE CCRNFR _CONRDEINATES .~

CARTESI1AN COORDINATES

DISTANCES-METERS

ANGLES—-DEGRFLES

SPHERICAL COUORDINATES
~ . THETA PHI

ORIENVATION ANGLES
CUBE R THETA PHI GAMMA
CTRRER x R r SRR L . - N-—m N T
€1 ~Ce15€1 -0.0687 062105 0s2721 39.309 203.479 3S. 309 203.479 51.000
€2 ~0.13237 -041088 Ce2105 0.2721 39,309 219,131 39.309 219.131 25,00C
53 -0.0954 ~0.1408 0.2105 0.2721 39.309 234,783 359,309 234,7€3 119,000
Sa -0.0%77 ~0eln24 €.2105 02721 39,309 250.435 39.309 2504435 93.000
55 -0.0118 ~0e1720 Ce2105 0.2721 39,309 266.C87 39.309 266,087 67.00C
56 C.03¢1 -0.1688 Ce2105 0e2721 19,309 2814739 39.309 2814739 41,000
57 0.0763 -0.1530 0+2105 02721 39,309 297.392 39.309 267.392 15.00C
58 0.1176" ~ '=0.1260 "~ G.2105 042721°"7"" " 39,309 ° - 313,048~ 39,309 — " 313.048 109,000
549 C.1873 ~0.+ 0896 0.2105 0.2721 19.309 3284696 39. 309 328.696 €3,000
60 0.16¢€0 00465 0.2105 0e2721 319,309 344,348 39,309 344,348 57,000
€1 0?2055 0.0 0.1784 0.2721 49.039 0.0 45,039 0.0 11.000
€2 0e1999 040474 041784 0.2721 49,039 13.333 45,039 13.333 105.000
63 0.1326 0.0522 0.1784 02721 49,039 264667 49,039 26.667 794000
ca Cel57a 041321 0.1783 0.2721 49,039 40.000 45.039 40,000 53,000
65 V.1227 0. 10648 0.1784 0.2721 69,039 53.333 49.039 $3.333 27.000
€6 0.0A14 ~ ~ " 041887 —~~ "~ 031TBA~——-—03272 1" 49;030 "~ — B6/666" " 89,039 -~ ~ §6B66 ~— "~} ,000"
67 G.0357 02023 0.1783 0.2721 49,039 80+000 49,039 804000 95,000
61 -0.0117 0.2051 0.1783 0.2721 49,039 93,333 45,039 93,333 69.000
69 ~0.0589 0.1968 0.1734 ve2721 49,039 106+ 666 49.039 106.666 43.000
70 -0.1027 061779 0.1783 0.2721 49,039 120,000 45,039 120,000 17.00C
71 -Ce1410 - 0.1498 01783 .- 02721 49.039 133.334 49,039 133.333 ... 1114000
72 -0.1716 041129 V1783 0.2721 49.039 1464+6606 49.039 1464666 £5.00C
73 ~0.1921 0.0703 0.1783 0.2721 49,039 160,000 49,039 160.000 59.0CC
74 ~“0.2041 " 030239 “TUO0S1TEI————0s2721 TTB93039- ¢ 1734333 T — 8S: 039 1733333~ —33:000C"
75 ~-0.2041 -0.0238 041783 g.2721 49,039 186. 660 45.039 186.666 7.000
76 -0e1931 -~0.0703 041783 _____ 0e21721 46,039 200.000 49,039 200.000 _ _ . 101000 _
77 ~Cel717 ~0e1129 0.1784 “0.2721 49,039 2130333 49,039 213.333 75400¢
7 -g.1410 -041494 01784 0.217214 49,039 2264606 49,039 2264666 49,000
79 ~C.1027 ~0.1779 0.1783 02721 49,039 239.999 49,039 239,999 23.000
80 ~0,0%89 -0.1768 0e1784 0.2721 49.039 253,333 45.0139 2534333 117.00¢C
31 -0s01 19 ~0.2051 0.1784 0.2721 49,039 2664666 49,039 2664666 91,000
@2 —megi03%7 —=032028 031783 02171 493039 27979 495039 —— — 2797999 ©8300C
83 Ged3 14 -0.1887 0.1784 0.212) 49,039 203,333 49.039 293,333 39.000
aa Qe l227 -041648 0.1784 0.2721 49,039 306.666 89,039 306+666 _13.000
a5 0.15174 -041321 0e1783 042721 49,039 3194999 49.039 319.999 ic7.000
a6 0.1330 -0.0922 0.1784 0.2221 4G4 034 333,333 45,029 333,333 . 81.000
a7 CelISH -0.0474 0.1784 0.2721 . 49,0139 3846.666 45.039 346+.666- . - . 554000
an 0.23z6 © 040 0.1411 02721 5€.769 0+0 58e 769 040 97000
89 Ce2279 0.0468 Oetatl 02721 S8e769 11.613 5€e 769 11.613 714000
90 0.7128 040917 —- - 0314t 1 OFRI2E——— ""BATEY —— - 233226 "~ S5 THY —- - 23,226~ —— 4%3000
a1 Cel9CO 0.1329 Gela1l 0.2721 58.709 34,839 584769 34,839 19.00C
92 ColiC3 0e1680 0.1411 0.21721 586769 464451 5Ee769 46¢451 _ 113.000
93 Nel1221 0.1974 o.1a11 0e21221 58,769 58065 580769 58065 " ' #7.00C
94 0.0308 Ve2182 o.l141t 0.2721 58,769 69.677 584769 69.677 614000
$5 0.0352 0.2300 - 0el411 0.272) 58.7¢9 814290 584769 81.290..... 3%5.00C
96 -0.0114 0.2323 Oelalt 02721 58e7L9 92,903 58,769 92.903 9.000
s7 ~0405E3 042252 Oslaill 0.2721 58.769 104.516 584769 104,516 103.000
98 «0s1025 - 0: 2089 Oslayt - -—=-0s2221-—- - - - 583769 - - 116wt2Y - -~ HEETEY-—-——1 165129 —— -~ T3;000"
99 -0.1424 01340 O.1411 0.2721 58769 127.742 584769 127.742 £€1.00C
100 -0.17€5 01518 0.1411 0.2721 584 769 139.355 564769 139,385 _2%400C
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CUBE CORNER COORDINATES'
DISTANCES-METERS ANGLES-DE GREE S

CARTESIAN COOURDINATES SPHER ICAL COOPDINATES ORIENTATION ANGLES

CUBE R THETA PHI THETA PHI GAMMA

CCRNER . ¢ Y M S ol T C - C T N T s N T " .

101 -0e2024 O.1129 Oelatl 0e2721% 584769 1504968 586769 150.968 119000
to02 -0e2220 0e 0690 Oelall 0.2721 58769 162.581 . 586769 . 162,581 93.000
103 -0e2314 0.0235 01411 02721 £8.769 1744193 584769 174,193 67.000
10a ~-0e2314 -040235 Os.1411 062721 SRe709 185.806 SPe 769 185.806 41000
105 -0e2220 «~0¢0696 O.1411) 0.2721) 58. 769 197.413 584769 197.419 15,000
106 -0e2028 -0e112¢ Oolatt 0.2721 58.769 209.032 58769 209,032 1€9.000
107 -0el7€5 -0e1515 Oe«l4a11 062721 584769 220.645 S5Ee 769 220645 83.000
10R ‘T0.1428 T 041880 7 T 018117 70,2721 T TSRS TEG T T T 232425877 T T T 584769 7 77 77 23242587 T 57000
109 -0e1029 -Ge2089 Oelatl 0.2721 584769 243.871 5€e 769 243.871 31.000
110 ~Ue«0383 -0e2252 O. 1411 0.2721 58. 769 255.484 584769 . 255.484 .. .8e00C
11 -0.,0118 -0e21323 O0.1811 0.2721 58769 267097 58, 769 267,097 96.000
112 Ges 0352 -Ce2300 O.1411 02721 S8.76€9 278.710 S8e 769 2784710 73.000
113 C.0308 ~0.2182 - 0ela}l 0.2721 - - 5€e¢ 769 290.322 58.769 290.322 - .- A7.00C
11a Cel2Zt -Qet574 0e.1411 0.2721 SBeT6S 30k e936 S5Be 769 3014936 21000
115 Cel0 O3 -0e 1686 O.14511 0.2721 58769 213.548 584769 313.548 11%.000
116 ~ ™ 0619C9° " "=041329 "~ ~"0.18171T os217121 BESTCS 232G 18 "~ "88, 769 T T 32851€ 7" T8G3000
117 Ce?124 -0.0917 O.la11 0.2721 S58e7069 336774 S58.769 336774 63.000
118 0.2279 ~0.0469% _ Oel14a11 D.2721 S5€+ 709 34R,387 58. 769 3aB8.387 37,000
119 Ce2462 0.0253 O0s1002 042721 67.018 S« 806 67.018 S«806 63.000
120 0.2360 00750 041062 0e2721 67.018 17420 67.018 17.420 37.00¢C
121 Ce2160 0.1216 0,1062 - ---0q2721 . - - 67.018 . 29.032 - - 67.018 - - 29032 - --—--114000
122 Ce13CO Oeltr3d2 0641062 02721 67.018 40645 67018 40645 t0€.000
123 0.1523 G.1381 0.1062 0.21721 67.018 52.258 67.018 52258 79,000
128 -~ ° C.1103 T 0ed287 77T 0-1062 062721 7 " BT 0IB T T T T B35 8T T T T 674018 T BAETT —~ $3:000"
125 Cev6ce 0.2425 0e.1062 002721 67.018 795434 6574018 75424 27000
126 00127 .  Ge2502 . __ 041062 02721 674018 - 87.097 674018 __ 874097 ___ _ _14000.
127 ~CeV379 0.2476 Uel1002 0.2721 61.014 9834710 67018 984,710 95.00¢
128 -Ces0870 02349 0610062 0e2721 67018 110322 67.018 110,322 69.000
1729 -0.1325 Q.2126 041062 0.2721 67.018 121936 - 67,018 - .- 121936 - - 43,000
130 -Cs 1226 0e1815 0.1002 0.2721 67.018 133548 67018 _ 133.54¢ 17.00C
1 -Ce20En Oe 1431 0.1002 062721 67.018 135. 161 67.018 145.161 111.000
32 =CT23IC2 030988 oo 02Tt 67501 S TS0 TTIY sTs018 130517883000
133 —Ce2483 060504 0e1002 02721 67.018 168387 67.018 168387 59.000
134 =Ce25CS 0.0000 061062 ~ _ 0.2721 67.018 R 190.000 67018 . 1804000 .. 33.000
135 ~Ce20E3 -0.0504 OelUB2 0.2721 67.018 191.613 67.018 1914613 7000
130 —-Ce2302 -00983 041062 0.21721 67.018 203.226 67.018 203.226 101.000
137 - =0e2056 - -0ela3) - —-0elUG2 — -~ 0e2721. - .. . 67.018 214,639 . . 67.018 2184839 .- - 75.00C
134 -0e172% -0.1815 041062 0.21721 67.018 2260452 67018 2260452 49.000
139 -0e1325 ~-0e2126 041062 0.2721 67.018 238,065 67.018 238.065 23,000
140 ~ """ =C4C1T707 " —=0i2349 0510062 02121 Arso1s 2893 6T———— 67018 28935677 T17300C"
181 -00379 ~0e2476 041062 0.21721 67.018 261291 67018 261291 91000
142 0.01c7 ~042502 . 0el062 | . 0.2721 67.018 272.903 67.018 272903 _ . 654000
143 040628 -0e2425 0.1062 0.2721 67.018 284516 67.018 284516 39.000
144 Ce11013 -0e22489 0.1062 0.21721 67,018 296.129 67018 2964129 13.000
145 Oe 1523 -Ce 1901 0.10062 -0e2721 67.018 307.742 67.018 307.742 . 1(7.000
1406 Ge19C0 -0.1632 041062 0.2721% 67.018 219.355 67.018 319355 81000
147 Ce21 30 -0.1216 0.1062 0e2721 67.018 330.963 67.018 330.968 55000
148 " 0e2360° - °  +0F0730 OO D 032721 —B7:018 ~-"""3423%81 -~ -~ 67.018 — 34253958 "29:00C"
149 0.2462 -0+0253 0+1062 0.,2721 67.018 3544193 67.018 354.193 3.000
150 Ce 26 4R 0.0 - 0.0628 0e.2721 T6.748 0.0 76748 00 554000
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LUBE _CCUNER _COORDIMNATES .

oV

DISTANCES-METEPS ANGLES-Dt GREES

CARTES 1AN COORD INATES SPHERICAL COURDINATES ORIENTATION ANGLES

cuiE n THITA PHI THETA PHI GAMMA

CCRNER x : v 2z R et S NoT o N -
151 072557 0.0517 0.0624 0.2721 760740 11250 76. 748 11.250 29.000
152 0.2147 0.1013 00624 0.2721 76.748 224500 76748 224500 3.000
153 €e22G2 01471 0.0624 0.2721 76.748 $3.750 76.748 33.7%0 $7.000
154 0418173 01373 0.0624 02721 764748 45,000 760748 454000 7T1.00C
155 0.1371 Ge2202 00674 0.2721 76.748 56250 764745 56250 45.00C
156 ColD13 0.2447 0.0624 Ce2721 76.748 67.500 764748 67500 19000
157 Cat)317 0e2597 0+0020 0.2721 76.748 784750 76.748 78.750 113.000
158 —0.00C0 ~TCUI2GANTT— T0WOEZET 042721 T — 764748 T 905000 -""76i 748 "7 0 903000 ——8735000"
159 ~0.0517 Ce2597 0.0624 0.2721 76.748 101250 76.748 101250 61.00C
160 -0.1013 Ve2447 0.0€624 0.2721 76.748 112.500 76.748 112,500 35.000
161 -0.1a71 Ce2202 0.0624 0.2721 764748 1234750 76.748 123.7%0 9.000
1€2 -C.11373 041873 0.0624 0.2721 764748 135.000 76.748 1354000 103,000
163 ~Ce22C2 0ul1371 0.0624 0.2721 76.748 145.250 76.748 146250 77006
164 ~Ce2n47 0.1013 000624 0.2721 76.748 157.500 76,748 157500 514000
165 ~Ce087 0e0517 0.0624 0.2721 75.748 1634750 76.748 1684750 25.00¢€
165 °~ “>Ce2683 ~~ 7"~ 00000 "=~ — 00624~ ""0i2721 ————78i7AB -~ "180:000 - - 76.748 " 186,000~ "1193;000"
167 -0e2567 -0.0517 00624 0.2721 76.743 1914250 76. 748 191250 93.000
16 -C.2a47 -0.1013 040624 0.2221 76,748 202.500 76.748 202.500 67.00C
169 -C.22¢2 -0.1471 0.0624 0.2721 76.748 213.750 76,748 213750 ai1.000
170 -GC.1H712 ~Qatd?73 00024 Q0e2721 76748 225000 76748 225000 15,000
171 -C.1a71 -0.2202 - 0.0624 0.27z21 76.748 . 236.250 764748 2364250 - -—- 105000
172 -0.1013 -0.2447 0.0024 0.21721 76.748 2474500 76+ 748 247.500 83.000
173 -0.0517 -Ge2397 0e06248 0.2721 76.748 258.750 764748 2584750 57.00C
174 0.0000 — ™~ =0:2648~— 030627 02721 76:748 " T 270400077 764748 “ T 270:000 ~=31:5000"
175 060517 00624 02721 716.748 2814250 760748 2814250 £4000
176 0.1013 0.0624 . 0.2721 __ . 764748 _ _ 292,500 76474 292500 . . 9%.00¢C
177 Calnil V0624 0.2721 76.748 303.750 76,748 303.750 73.000
173 0e1413 0e0u24 0.2721 764740 315.000 76.748 315.000 47.000
179 0.22C2 0.0624 0.2721 76.748 326.250 76.74R 3264250 21.000
180 Ce2447 0.0624 0.2721 76.748 337.500 764748 337.500 115.00¢
181 042567 0.0624 0e21221 76.748 348.750 764748 348.750 85.000
112~ PT26SA T 030206 ———03023IT——"0: 2721 #3133 5:it2% A% 13T -3:029% £7500C"
1e3 Ca23¢4 040231 0.2721 E5.135 16.£75 85. 135 164875 21.000
184 02391 040231 0.2721 £54135 28,125 9€,1135 28.12% 115.00¢
184 02066 0.0231 0.2721 £5.135 39.375 #5115 39.376 89.000
186 01720 0.0231 02121 £5.135 504625 8S4135 504625 €3.000
137 0e1270 0.0231 - 0.2721 .- E€.135 61.875 85.135 . 61875 .- . 37.000
1A 0.07E7 040231 0.21721 £54135 73.125 854135 73125 11,000
159 00266 0.0231 0.2721 £5.135 844375 854135 844375 105,000
170 < 0e72€6 - 0i269% — = = TR02IT——— 032121 ———— €M 135 — - 95,625 -~ - 85,135 - -~ 9B; 028 ——— "~ TG;000
191 -0.07E7 02390 00231 0.2721 €54135 106.0875 85 135 106.875 53.00C
1u22 -ge1279 0.2391 0.0231 0.2721 £5.135 118,125 AS. 135 1184125 . 27.00¢
191 ~Cal720 0.2076 040231 0.2721 £Sel3S 129.375 8%e 135 12943175 1.000
L —0e20S6 041720 0,0231 0.2721 €5.135 140,625 AS. 1135 140.625 9%.00C
193 ~047 351 0.1278 0.0231 - 0e2721 £54135. 151,875 85e 135 151e875. .. . 69,000
156 ~ 02564 0.0787 040231 0.2721 £5.135 163,125 856135 163.125 a3.00C
197 ~0e2658 040266 0.0231 0.2721 £5.135 174,375 85135 1740375 17.00¢
189 =°  ‘=G.76$0 © - =03:0268 - 05023t —-——0s2721— - £5:13% S IRS; €25 =~ 855138 - - | 88562F - --""11135000
199 -0+2594 -0.0787 0.0231 0.2721 £S.135 196.875 854 135 196875 85.00C
200 -0.2391 041278 _  0.0231 _0.2721 B=.135 208.125 ASe135 208.125 59.000

UNIT € PAGE 7



CUBE COFRNLLR COUORDINATFS
D1 STANCES-METERS ANGLES-DEGREF S

CARVESTAN COODRDINATES SPHERICAL COURDINATES DPIFNTAYION ANGLES

CUNE R THETA PH1 THE TA HI GAMMA
CCRNTR X : Y z : C C C N N
201 -0+2064 041720 0.0231t 0.2721 €Se125 2194375 85S¢ 135 219,375 33,000
2u2 -0.1729 -0 2096 040231 Ne21221 E€.135 230,625 ASe 135 2304625 . .. 7000
203 -Cel1274 -Ce2391 00231 0e21721 E5e13%5 241.87% B8Se 1135 241.875 101.00¢C
204 -0.07E7 -0 2594 0.0231 0s2221 £S5, 135 253,125 9%, 135 2534125 7%.00C
205 —Ued266 —-0e20,98 040231 De2721 £E,135 2044375 8%.135 2644375 49,000
200 047266 -0e2698 0.0231 0e21221 35.13% 275.625 85. 135 2754625 23.00¢C
207 c.7€7 -0.2594 0.0231 0.21721 €5.13¢ 286.7275 85135 2864875 117.000
203 Cel279 <0231 ° T 00231 T UTTU0.2701% —ESHI35 T 29%.125 T 85135 77 29841285 T TUTTT91.000
207 0el720 -0e209% 0.0231 0.2721 E5.135 309.375 85.135 309.375 65000
219 Ce23940 -0el729 06,0231 0e.2172% €5.135 3:0.625 HEe 135 3204625 .. 39.000
211 0e2361 -Q0etl278 0.0231 02721 85. 135 331.87% 85+ 1135 331875 132,000
212 Ce 2574 -0.0737 0.0231 0.2721 €S.135 343.125 8% 135 343125 1€7.000
211 O 20063 ~0eN26n 0.02331 0.21721 £5.135 I54.371% BS5e 135 3544375 81000
214 £ 0.2uGd 043200 -0.0231 0.2721 Ga.EGYH Se€2H 944865 54625 94,000
213 Ce 2564 0e0787 ~0s0231 Ge2721 Ga.8€5 16.€75 94,865 16875 684000
215 042361 " 0:1278 - ° - =040231 ~ T 027217 — S4EES T ' 2Bsl2G5TT T 94,865 285128 T82;000
217 Ce?066 0e1720 -0,02121 0.2721 JA.EES 19.375 94,065 39.375 16,000
214 01720 042030 -0e0231 0.2721 S4+805 504625 24.865 504625 . _ 110000
219 Ce.t278 042391 -0,0231 Ce2721 9a.E65 61.875 94,865 61.875 84.000
220 0.07E7 0+2574 -0,0231 062721 YA, E€CS 730125 94,865 73.125 58.000
221 00266 0626938 -000231 0e2721 942065 34e37% 94.865 €4e375— - .-~ - 32.00C.
272 -0e2265 ‘042598 ~0.0231 0.2721 944 EES 954625 94,8065 950625 €.000
223 —~Ce02E7 0, 2398 -0.0231 0e2721 GA,865 106,975 Q4. 865 1064875 100,000
223 =~Cel279 - 0. 239rT T =002 It TR 2721 T T UT93.8E85 T T I18125 77T TTU94:865 T 1185125 782000
22% -0ell2V 02096 -0.0231 0s2721 $4,E6S 1294375 94, 0ES 129+375 48,000
228 -0s2)%% Vel 720 -0.0231 0.2721 944865 140.625 .94e8€ES _ _ 140625 _ . 22000
227 -0er361 Qel278 -0.0231 002721 544865 151,875 94,865 151875 11€.,00¢C
228 —GCe 2554 0.0787 -0.0231 0e2721 54,865 163125 94,865 163125 90,000
229 - 0e¢206H PRV ETIT -0+0241 062721 G4.865 174,375 - - 984865 - 174,375 - - €4.000
23 -Ce20td -0e02066 -0.0211 0.2721 G4, 665 195+ €25 94.H65 185.625 38,000
231 -0e2554 -0.0787 -0.,0241 0.2721 944860 196,875 94,865 196.875 12000
232 ——=Cai?1ST 031278 00231 027121 SR AGS 2085 125945463 208351298 108:00C
2313 ~Ce22¢hH ~0e1720 ~CeU231 Ge272) S4.E65 219,375 94.865 2194375 80.000
2134 ~0el720 -0+2090 -0+0231 0.21221 $4.A65 2304629 944865 230625 . 54,000
235 -0e1278 -0.2391 -0.02131 Ce2721 GAsEES 241.87% 94,865 241.875 28,000
236 —Ce)7E? -0e2598 ~0e0231 0.2721 G4.E6605 2634125 944865 2534125 2000
217 —c.o;au -Q0e 2598 -0.0231 - 0,2721 - SAa.865 - 2644375 94.865 2644375 - . - §6.000
21313 : ~0+2593 -0.,0231 0e21721 94. 865 275.625 94, 865 2754625 70000
239 ¢ -0e2594 ~0e0231 0621721 S4.265 286,875 94,8365 2864875 44,000
240 - 0e1278 ~-— =0:2)91 - ——-=050221 027121 9a:0eS" 2987123 ————"" 945869 2985128 ——"183000°
241 Q.1720 -Ce 2090 -0s0231 0621721 GA.E6H 309.375 944865 309.37% 112000
242 Ce2066 -0e1720 _ —~0e023}) 0.2721 94,865 320.625 94,865 320.625.. . _86.000
24 0e.2351 ~0el278 -0e0e31 0231 GALEES a31.875 94,365 331875 60,000
244 0e2584 -0.0787 -0e0231 0.2721 $4.865 3436125 94,865 343.125 34,000
245 02660 ~-0+2266 -040231 0.2721 $8. £G5S 354,375 44865 3544375 . 8,000
246 Ce 2481 0.9 -0.0624 0,21721 1031.252 Ue0 103. 252 0.0 102000
247 00517 -0s00624 002721 103.262 11.250 103,252 11.250 7€.000
243 0:i013 —- —20:06280——— 032721 - 1033252~~~ 22§00 T~ 103292 ~~ ~22s500— """ "850%000
243 ; 0s1471 -040624 0e.21721 103,252 33.750 103.252 ° 33.750 24000
259 61373 001373 ~-0.0624 0e2721t 103.252 * 454000 103.252 45,000 116,000

>
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v

CUBE_CLANER _COCRDINATES
DISFANCES-METERS  ANGLES-DEGREES

CARTESIAN CODRDINATES SPHERICAL COURDINATES ODRIENTATION ANGLES

[4V]-158 R THETA PHIL THETA PHI NMMA
TCORREW— " " X~ - TTTTTTTY ety At T - C TN TN oot
2%1 0.1471 Q2202 ~-040624 0.2721 103.252 56250 103.252 56.250 92.00¢C
2%2 Celu i3 0o 2047 ~0e0624 0e2721 103.252 . 67500 103. 252 . 67500 _ 664000
283 00517 Ge2597 ~0.00624 Ce2721 103e2%2 784750 103.2%2 78750 40.00C
254 ~0.000C0 De2644 -0+.0624 0e2721 103.252 90,000 103,2%2 90.000 14.000
285 -0.0517 02597 ~0.00624 0e2721 103.252 101250 103.2%2 101.250 - 108000
256 -01013 02447 —000624 Ce2721 103.252 112.500 103,252 112.500 82.000
257 ~-0e8411 Ce2202 -0.0024 0.2721 103e2%2 123.750 103.252 123.7%0 56.000
'258 TTT T EGl.187F T Ues1A7Ty =Us06278 Ue2721 10342E2 7"~ 771354000~ 103:2S2 7 1357000 3CS000
259 -Ce2202 0.1471 -0+0624 0.21721 103.252 146,250 103.2%2 146.250 4.,00C
260 ~-Ce2a947 0.1013 -0.0624 0.2721 103.252 1574500 10325 157500 _ 9R8.00¢
261 =0e2567 0e0517 ~0es0624 02721 103.252 168,750 103.2%2 1684750 72.000
262 -0.2048/ 0.0000 -0.0624 0.2721 103.2¢%2 180,000 103.2%2 180.000 46.000
263 -0e72567 -0.0517 ~-0e0024 0.2721 103.2€2 1914250 103.2%2 1914250 -~ - 204000
264 ~0s2647 -0.1013 ~000624 02721 103,282 202.500 103.2%2 202.500 114,000
2€9 -Ce22C2 -0.1471 -0.0624 0.2721 103.252 2134750 103. 282 213750 88.,00C
26h6 =C.t1373° - - =0 1873 — 040628 02 I2T T T 1035262 T 2254000 T - 103,252 T T2285000T T T E2.00C
207 ~-0.1471 —0.2202 ~0,0624 U.2721 103.2€2 2306.250 103,252 2364250 3€.000
264 -0.1013 —Ce24AT7 —040624 02721 103.252 . 247.500 102.252 247500 1C.00¢
269 -0.0517 -0e2597 ~0.0024 0.2721 103.252 2584 750 103.252 2584750 104.00C
270 Ca0UGO —0.2643 -0.0624 0.21721 103.252 270.000 103.282 270.000 78,000
271 0.0517 - ~Ced597 - . =-040624 - -—- 02721 - 103.252 - 281 250 103.252 - - 2816250 ---- ‘524000
2712 C.l013 ~0e.2447 ~0.0624 0s2721 103252 . 2924500 103s252 292500 26000
273 Celail ~-0.2202 ~0.00624 0.2721 103.252 303.750 103e25%2 303.750 120,000
274 - 0e1873 ~ T =Q0LTETY =0s00627% Ve 27121 103322 T TTTTINS. 0007 T 103,252 315:000 945000
275 C.2202 -0.1471 ~0e0624 0es2721 103.252 326250 103.282 J326.250 68.000
275 042447 —041013 _ _ —0.0028 __ 042721 ____103e0282 _. 337.500 103.2€2 . 337.500_ _  _ 42.00C
2r7 0e25¢7 ~0.0517 ~0.0024 02721 103.252 348.750 103.252 348.750 1€.000
278 Ga2442 00253 -0.1062 0.2721 112.982 5806 112.982 5806 110,000
2 Ge23%0 0.G750 -0.1062 Ce2721 - 112.582 17.420 112.982 17.420 84,00¢C
280 0e2190 Oes12106 ~0.1062 0.2721 112.982 294032 112.532 29. 032 584000
281 Cel19C1 Oe10632 -0.10062 0e.21721 112.982 40645 1124982 404645 32.00¢0
282 T IIS I 0T 1Ost— ostron2 o212t 1125922 825290 tr2:9n2 a22%8e €a00C""
283 Gell103 Ge2249 -0e1002 0.21721 t12.982 63.271 112.982 63.871 100,000
284 00628 0.2425 ~0e1062 0.2721 112,982 754484 112.982 75.484 74,000
285 W01 Z7 02502 -0e1002 0.2721 112,662 87.097 112.962 87.097 48,000
28H $-Ce00379 0.2476 —0.1062 0e2721 112.982 SA.710 112,982 984710 22000
287 —~0.0870 0.2349 - =0e1002 - . - 062721 . .. tl2.582 110.372 112.982 110.322 116,000
284 ~-Cel1325 0.2126 ~0e.1062 0.2721 112.9€2 121.936 112.582 121936 90.000
234 -0.17206 0.19515 -0.1062 0.2721 112.982 133548 112.982 133.548 64,000
290 © +0420%56 T 0 183 T T=0T1002 0s2721 112,52 ~-~——— 1855161 - "~ "112.982 ° "~ " 145:1€1~"-" ~-38,000"
291 -Ce2302 0.0988 -0.1062 0.2721 112.9802 156774 112982 156774 12.000
292 ~0e24€3 0.0504 -0s1062 0.2721 . 112.99p2 168.387 112.982 168307 = 10€,000
293 -0e25C5 00000 ~0e1062 0.2721 112.982 180.000 112,982 130000 8C.000
294 —Ce2453 —040504 -0e1062 0e2721 112.582 171,613 112,982 191612 $4.000
295 -Ce2302 —-0.0984 -0.1062 0.2721 112,982 203226 112.982 2034226 . 28,000
296 ~Ge2956 -0.1431 -0.1062 Ve21721 112982 214839 112.982 214.839 2000
297 -0e1726 -0.1815 ~-0.1062 0.2721 112.982 2264452 112.982 2264482 §$6.00¢C
298 =0es1329 - - -0.2126 =0410062 -~ —~— 02721 112982 -~ 23JR,068 - ~—- 112,982 - - -238;06%8 "~ —-~- 70000 —
299 -Cs0370 —0e2349 ~0sl00L2 Ve2721 112.082 24%e677 112¢9A02 2494677 44,00C
300 —0.0379 ~0e2476 -041002 02721 112.5€2 2614291 112,982 2€1 291 18.,00C
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CUBE CCRNEF CODRDINATES
DISTANCES-METERS ANGLES-DEGRFES

CARTESITAN CDORDINATES SPHERICAL COORDINATES
THETA PHI

ORIENTATION ANGLES
PHI

CURL R THETA GANMA

CCRANER" "~ X o B 25 4 R - I N N -
301 0.0027 ~0,2502 -0e1062 0.2721 112,982 2724903 112.982 272+903 112.000
Joz 0.0628 -042025 -0s10062 0.2721 112.GE€2 2844516 112,982 | ___284.516_ 86+000
vl Cell0) ~0e2249 -01062 02721 112,982 2964129 112.982 2664129 60,000
304 0.152% -0.,1981 ~0e1062 Ve21721 112.9E€2 307,742 112,982 307742 34.000
305 0« 1760 ~0e1632 ~-0e1062 0.2721 112982 3194355 112982 J19e3IHB5---- - 8000
306 0e2190 -0.1210 -0e 1062 02721 112.5€2 330.968 11z2.982 330.968 102,00¢C
307 C.2390 ~0.C750 -0e1062 0.21721 112.9€E2 34245081 112.982 342.581 76.000
3on - Ci28G2 ~ 7040253 =03 1062 V2721 — T2+Se2 3545193 T 112982384519 TS 05000
309 02326 D.0 -0elal 0.2721 121,221 0.0 121.231 0e0 24,00¢C
210 Ce 2279 0.04068 -0.1411 0e2721 121.221 B 11e613 12162310 . . 11613 __  118.,00¢
311t 0.2128 040917 -0el411i 0e.21721 121.231 23.226 121.221 23422€ 92,00C
2 0el19CQ 0.1329 -0.1811 0.21721 121,221 3A.839 121.231 34.839 €6.,000
3 CelwC3 O.tlo8o 014811 - - 062721 .- 121e231 - H6He84S51 - - 121221 -- -~ 46e4C). —..—.-4C0000
314 Oef221 0. 1574 ~Ds.1411 0.21721 1214231 584065 121.231 58.065 14,00C
315 C.08(8 Ce2142 -0.1411 02721 121.221 69.677 121,221 69677 t08.00¢C
216 7T ~ 04032~ €C2300 T =051A1Y 9s27121 1215231 ari290 T2ts22¢) 813290 gas00¢C"
v -0.0118 062323 -0e1411 0.2721 121.221 92,903 121,221 92.903 56,000
g ~-C.u5¢t] 0e2202 -0e1411 _ _  0.2721 121623) _ 104.S510 121.231 104.516__ _306000
LB Rt -Ce1025 0.2089 -0ela11 G.2721 i21.221 116.129 121.2314 1i6.129 4,00C
320 -0.1424 0s1340 -0.1411 0.2721 121,231 127.742 121.231 127.742 S8.,000
21 ~Cel17€5 0.1515 - —0eld11 . ..—0.2721 — -- -121.231 - 1394355 . - 121e231 .- - -1396356——-—---72,000
322 -C«?024 0.1129 ~-0sl411] 0.2721 1214231 150,968 121,231 150.968 464000
323 -0.2220 Ve OIS -0.1411 Ge2721 121.231 1624581 12t.231 162.581 20.000
324 T =Ce2318 T T 7030235 T TUTTULINIY 02721 T21.231 1745193 T 1 21 23T RS I9Y 114000
325 -0e.2)14 ~040235 -0e1411 0e2721 121221 185.806 121.231 185.806 88.000
326 ~-0s2220 . ~0.00L96 ~-0e1411 0e2721 121231 197.419 1216231 .  ___ 197819 _ 624000
27 -0.2024 ~0s 1129 -0.1411 0.23721 121.221 209.032 121.231 209,022 J€.000
323 ~Cel?2€5 ~0.1515 -0.1411 021721 121231 220.645 1214231 220645 10.000
329 -C.1424 - =0s1840 -0ela11l Ge2721 121231 232258 -~ 1216231 - 232258 — -~ 104,000
330 -CelU?b ~0.2089 ~0sl411 0.2721 121221 241,871 121.231 203.871 T8.000
331 -Cel)5E3 ~0e2252 -0el1a11 0s2721 121.231 255484 121.231 255+484 52.000
TI32 T TTECIOL 18 T T =05 2323 =0 Al 0327271 1213232677037 t21:221 287097 2€000
333 C.0382 ~0,2100 ~-0s1411 0.272 1214231 2784710 121+231 2784710 120,000
334 Co0n3( 8 ~0es2182 -0.1411 0.2721 121.221 2904322 121.221 2904322 ___ . S4.000
335 Cel?ZY ~Cs 1574 ~0e1411 0e2721 12l.221 301.930 121.231 301.936 68.000C
136 Ce1601 ~-0s 1680 -0.1411 0.2721 121.231 313.548 121.231 313.542 42,000
337 CelvCW ~0e1329 -0elal1l . . 0e2723 .- - 1214231 325.161 121.221 ~-325e160-— ——- . 16000
138 Ce2120 ~0s0917 ~0,1411 0.2721 121.221 3364774 121.231 336774 110,000
339 Ce?2179 ~040468 -0e1411 0e2721 121221 348,387 121.231 3468.387 84.000
340 "7 02078 T TT OO0t 09221 r3059¢€1 030 1305901 —0s0" 38;00¢C
321 Ce 1969 0.0474 -0.1784 0.2721 130.G€1 13.3332 13C.961 13332 32.000
342 Ce 1836’ 00922 -0.1784 0e2721 130.961 264667 1306961 _ 264667 __ __ . 6.000
3a3 Gelbia 0.1321 ~0e1783 0.21%21 130.9¢€1 40,000 130.961 40,000 1004000
Jan 0.1227 Celb4a3 -0.1788 Ge2721 130.9¢1 £3.333 130.561 53.333 744000
Jas 040314 0.1887 ~0es1784. 02721 130.96¢1 664666 1 30.961 664666 -- 8£84000
346 0.03%7 00,2023 ~-0.1783 0e2721 130.G€1 80.000 130961 80.000 22000
347 —Ce0119 0.2051 ~-041783 002721 130.961 W3.333 130.961 933323 116000
348 =Ce0O5P3 00,1968 — - =0:1783———"05272Ft— " 130+G€1 —— 100,666 "~~~ "130:961 "~~~ 106:6088— " "~—9C300C
349 -0e1027 0.1779 -0.1783 0.2721 130.9¢€1 120,000 1304561 120000 €4.,000
350 -0+1410 0.1298 -0.1783 0.2721 130.5€1 133.333 130961 133.3323 368,000

UNIT € PAGE 10



yev

LUBE _CCENEGR _COORDINMATES
ANGLES—DFGRECS

DISTABCES-METERS

(ARtESIAN CUURDINA!ES SPHFRICAL COORDINATFS DRIENTATION ANGLES
CUBE R THETA PHI THETA Hi GAMMA
TCCRRER T ~ X T e 4 T T < TN N
351 -0es1716 0.1129 -0.1783 0.2721 130.9¢61 146. 666 1 30.961 146.666 12.000
352 -0.1331 Ce0703 -0.1783 Q62721 _ 130.9¢€1 160,000 _ _ 130.961 160.000 1064000
353 ~Ces2041 00239 -0.1783 0s2721 130901 173332 130.961 173333 8C.000
35a -0.2041 -0.0228 -0.1783 0s2721 130.9¢1 1864666 130,961 186666 S4.000
355 -0.1931 ~0«0703 -0es1783 Qe2721 120.9¢€1 200+ 000 130.961} 200000~ — - - - 284,000
356 ~0el717 -0e1129 -0.1784 0.2721 130.9061 213333 130.961 213333 2400C
357 -C.1410 ~0e1494 -0.1784 0.2721 130.9¢1 2264666 130.961 2264666 S€.000
ase " TT T =061027 =0 1779 =0+1T783 02721 130:9¢€T 2325999 1305961 2397999 703000
359 -C«05€9 ~0e1968 -0.17848 Oe2721 120.9¢€¢1 2% 3.333 130.9¢1 253332 44,000
3c0 -0.,0119 -0+ 2051 . ~0.1784 0.272) . 130.9€61 266. 666 1306961 . 266666 _ 18.00(
JEL 00357 -0.2023 ~0.1783 Oe2721 130.961 279999 130.961 279.999 112.000
3€2 Ce0 1A -041887 ~0e1784 0s2721 120.9¢€1 293.333 130.9€1 293.333 86.000
363 Gel227 -Csl6a8 ~0e1784 Qe2721 130.901 - 306,666 130.961 306666 - . - 60000
3€4 O0.1574 -0e1321 -0s1743 0.2721 130.961 319.999 1 30.9¢€1 319.999 34,000
365 Gelnle -0.0922 -0.1784 0.2721 120.961 333.333 130.961 333.3323 8.000
T3E6E T 01369 T EQGS0ATA T T T =01 T8N 0827127 13039€1 33BI666 T 13096 T I346.688 102000
367 0.1724 0.0 ~0.2105 0.,2721 140.0661 0.0 140.691 ‘0e0 7€4000
368 GeloCO 0.0405 -042105 062721 140661 154€52 140.66G1 15.652 L. 50,000
Jew Q.1473 G096 -Q04.2108% G.2721 140.691 31. 304 140.691 31304 24.00C
370 01176 0.1260 ~0s2108 02721 140.€91 464557 140,691 46.957 118,000
37 Ce0763 - 041530. - - —~0.2105. —Qe2721) - - 1404661 - 62609 1406691 624609 - —--- 62000
372 C.N3E1 0.1618 -C«2105 0e.2721 140691 78+ 261 140,691 78261 66,000
373 -C.0t 18 0.1720 ~ (2108 0.2721 140,061 93.913 140.691 93.913 40.000
T34 T T E060G 77 T TR 162 T = G 20T TR 72 T T T 14046S I T 10948667 1300691 T T 1099566 148500C"
s -0.0196A 0.1408 -0.2105 0.2721 140.661 125.218 140,691 125.218 108.000
176 -0.1327 010338 =Ce2105 02121} 14065} _ ___ 140.870 _ . 140.69]) 140.870 _ . 82000
377 ~0.15E1 0.06487 —0e2105 0e.21721 140661 150522 140,691 156,522 5€.000
378 -C.17(8 Q.0235 —0.2105 Qe2721 140651 172.174 140661 1724174 30.000
379 —Cel7(8 ~0e¢0235 -0e21086 0e2721 140.691 187.826 140.691 187.826 4,000
Jso -0.15E€E1 -0.00687 -0.2108 02721 140.661 203,479 140691 203.47S 98,000
3at -Cel 327 ~-0.1088 -0.210% 0.2721 1404691 2194131 140.691 219121 72.000
T332 =0s0C9SA =0:T408 =Cs210% 02721 1805 GSY 2385783 140,691 234,723 §€5000"
493 -—C.N527 -0e1624 -(e2105 0.2721 140.691 2%0435 140.661 2504435 20.00C
3én -0.0118 ~0+1720 -(.2105 062721 140.6SG1 266.087 140,691 2660087 114,00C
Jes N 0.03%1 -0.1088 ~0s2105 0.2721 140.0691 281739 140.691 2817239 8P .00C
ne6 0.0763 ~0.1%530 -0.2105 02721 140.661 297392 140.691 2672392 62.000
BNy Oel1726 ~0«12060 —Ce2105 -~ Oe2721 -~ 140.691 313.044 140.691 313.044 36.000
RI:L ND.14713 ~0.+089 -0.2105 0.2721 140.€91 328+ 696 140.691 328,696 1C.000
Jea CelHCQ ~-0+0465 -0e2108 02721 140.691 344.348 140.691 RITPRLY.] 104,000
390 C.1341% 00~ -~ =0323606 0527121 180827 C 080 T T 1806421 7o QeQ- """ -783000"
39l O.IZCS 040459 ~0e2366 0.21721 150.421 20.000 150.421 20.000 52.000
g2 CelUzs 00863 —0423066 0.21721 150.421 40. 000 150.421 40.000 26,000
393 0e006 71 0e1163 ~0e23066 0e2721 150.421 604000 1500 421 60.000 t20.,000
364 0e022) Ge1323 ~0e2300 QGe2721 190421 80.000 1504 421 80.000 94.,00C
365 ~0.0231 0.1323 ~0e2306 0.27221 150,421 . 100.000 1500421 100.000 608000
366 —0sCO71 0.1163 —-0e23606 0.2721 150.421 120000 1500 421 120,000 42.000
397 ~01029 0.0863 ~0e23066 02721 150.421 140.000 1506421 140.000 16.,00C
32a =0e12€2 0:04%9 =0e2366 ——-—0:2721" 150421 S 1605000 - - 1505421 ~ 1605000~ —-11C:000"
399 -0.1343 0« 0000 - —=002366 0e21721 150.221 180,000 1506 421 180.000 84.000
400 —Q0e12¢€2 -Ce 0459 ~042366 0e.2721 150.421 2004000 150,421 200,000 58,000
UNIT 6 PAGE 11



STV

CUDE CCRNCL (DORDIMATES'
DISTANCES-METENRS ANGLES-DEGRLE S

CARTESIAN COURDINATLS SPHERICAL CCURDINATES NRIENTATION ANGLES

Uk R THETA PH1 THETA PHL GANMA

CCRNER x ¥ Rl S C - c c - IR T
401 ~0,1029 ~0.0803 —0.2300 0.2721 15C.421 2204000 150.421 2204000 32.00¢
402 ~u.0n it -0.11063 ~0+2301 V.2721 150.421 240,000 1506421 . .2404000 . __ 64000
403 —0e0.223 —0e1323 - 02306 0.2771 150,421 260000 1500421 2606000 100.000
A0n 00223 ~0e1322 ~0e2dnt 0.2721 150,421 2804000 150,421 290.000 74.000
A05 Ueunil —0e110:3 -0.2366 0.2721 150.421 300.000 1504421 300,000 . 48,000
404 0.1029 -0.CH03 -0.2300 0.2721 150407 3204000 150.421 320.000 22.00¢
407 Gel2(2 ~0.0859 ~04230¢ V.2 721 15046421 3404000 150421 340.000 116.000
TP 0eCSZ8 ©  0sd - I0e2555° - TTT0.2721T T C160.151°777 770 S DeDC 0 U7 16061E1 S Tge QT T QUL 00T”
40 Us0b 00 004062 ~0e2555 0.2721 1604151 3104000 160.151 30.000 64.00C
41V 0e04€2 C.0H00 02056 . 062221 1604151 604000 160.151 60.000 . 38.000
At —C.N0CO V0926 -042556 0.2721 140151 90,000 160. 151 90.000 12.00C
a12 ~0.04C2 U. 0800 -0.35356 0.2721 160,151 120,000 160.1¢1 120,000 106,000
411 —C.0HGD Ve CAE2 —042556 2721 160.151 150000 1606151 150.000 8Ce000
a1a -0.09z4 0.0000 ~0.2559 0.2721 160.151 180.000 160,151 180.000 54,000
a1 -€.0AC0 ~0.0462 -0.2559 0.2721 1604151 210,000 160+ 15t 210.000 280000

816 - UTULOAE2” "-U=0.0800 - w@i2553% —— T 0i2721T ———"1603131 """ 280,000 ~——-160: 151 "~~~ 2803000~~~ ~~ - -2,00C"
a1z 0.0000 =0.C0924 042556 0.2721 160,151 270,000 160151 2704000 $€.000
a1s C.04¢€2 <0.0:300 ~042556 0.2721 th0.151 100.000 160.151 300.000 70.00¢

419 C+00300 -0.04062 ~0.2556 0.2721 160,151 330.000 160.151 330.000 44.000
420 0.0478 0.0 ~0.2078 0.2721 16Sa2E1 0e0 166,881 0.0 18.00¢

421 0.0229 0.0414 ~0e2078 - --042721 - 16G.381 60.000 .. 169.881 ... 604000 —...-.112.000
422 -0.02329 040414 —0.2678 0.2721 169.7€1 1200000 169,681 1204000 86.00C

423 -0.04 78 0. 0000 -042678 0.2721 166.9€1 1404000 169.881 $30.000 6C.000
aza 2Cs0229  =0.0818 S =0L20678 7T "0272F C U 16S.9E1 T 0 2804000 - 169s881 - - "240:000— " "—"-345000"
ars 0.0237 -040414 ~0e2678 0.2721 165.8€1 300000 169.881 300.000 8.000

4’6 €. 0000 0.0 -0.2721 0.2721 180.000 0.0 1806000 _  0e0 1024000
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Lev

... . IMPULSE_RESPONSE. HISTOGRAM . . o

LASER POLAR ANGLE ' €0 CEGREES
LASER AZIMUTH- ANGLE--- 0«0 - OEGREES .-
ZENITH ANGLE . C.0 CEGREES
TINE MIC FCINT PERCENT AVERAGE
PICcy” "7 CELTA R s— - s sm———— - - -~ PICTOELECTRONS ™ “PHCTOELECTFONS —  — —— 7~
SECONDS) (METEFE) PER BIN
. =E%0e59 —Cel2iE ¢ _ . . 000 . . DeS1B2YD-0S_____ . _ . ___ ..
~383+G4 ~Cel3ZE + 0.00 0.36814D~-04
-51730 —Ce137C ¢ 000 0.193310-023
~-650 «06 -Cela 2% ¢ 0.01 0.750520-01]
-G8 oCl . —~Celd?5 + Qe U2 0.21548D-02
101737 —Cel52C ¢ 0.03 0.45762D0-02
—=1U%0873 7 =Ci13 79 ¢ V05—~ — 0. 71902002 """
-1084 .C8 -Cel625 ¢ Ue 06 0.839C7D-02
-1117.44 —Cel625 ¢ . - 0.06 0.74172D-02
-1190.80 =CeI725 ¢ Je 04 0.576850-02
~11R4415 -Ce 775 4 U« 05 0.67836N~-02
-1217.€1 =GCel32% ¢ 0.l 0s14040D-01
-1250 .86 ~Ce187S & 021 0.28466D~01
1204 422 -Cel22¢ ¢ 014 0«447300~-01
1317488 <CelPITS 3% oo e s et e e e s - e S )GR0TT 77T 048338700177 T T T TR T T
-1350.53 -Ce22% 4 Ve 39 0.51448D-01
-1384 429 -Ce207C ¢ 0637 3.48686D-01
~18174€5 —Cocl 25 4% Vea} 0.570910-01
-1451«C0 —Cell 15 ¢# NeSHB 0. 76540D~01
—19H4 ¢ 36 ~0e222% 4% 075 0.997850~01
=-151772 ~(e2275 %% 1edl 0.147330 00
-155%1C7 —Ce2325 +RECEE 2268 0e303G¢70 00
~-1534 443 ~Cel315 +9FCEERIREEREERE - - . - T 5,20 05700530°C0 - -~~~ o
-1€17.79 ~CeFBZE 40PXRRRRANEAESEAERIERAONTRE 1052 0.13558D 01
~1h51 14 ~CelV TS 49SFRRASERALEAKER SR INORNINE IR IR BEDAREES 16.51 0.2197aD 01}
-1584,50 e T T T N e R R R T R L LR R A R R L AR E A b Ebbbbbhiid 19.83 0.26339D 01
-1717.£5 —CeP375 +ASEEBEREREEEAREREARE AL ARRRRIEAIEREREARRLENERS 18.07 0.24050D 01
-1?51.21 —0e252E 40USAEREESEREIBEXL AN AIS42 %NS Nea? 0.16€92D 01
~-1784,.57 ~0e237% 43048 RREELEERENEK G651 Ge 866320 00
-1817.62 ~Ge2TZE 48 %2%2% 2e57 0e¢ 342400 00
~18%1 28 =C3277% 2t T e CRTT— R 04102880 00 """~ T T TR T T
-1eba €N -C.282% + N Oel?7 0.23187D-01
-1917.99 —Ce2375 + 0.03 0.396710-02
-1651 35 —Ce292% ¢ 0e 00 0.37G47D~-03
Yy Y Y R Y R R RN R R R IS R R R R R A A —— e ———
+ + 0 ; + + + + + D)
[} 2 4 10 12 14 18 20 0.133C7D0 02
PERCENT UF TD!AL REYURN SIGNAL STPENGTH
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APPENDIX B
A SECOND METHOD OF MEASURING THE RANGE CORRECTION

The Lageos array is composed of 426 cube corners, four of which are germanium and have
no effects upon the visible laser reflections. The velocity aberration deflects the reflected
beam by 32.77 to 38.34 ur, and therefore the individual cube corners were designed with a
6.1-ur (1.25 arc-seconds) dihedral offset to compensate for the velocity aberration. The far-
field pattern of each cube corner is a function of incidence angle (i), azimuth of the polari-
zation vector (), wavelength (M), and position in the far-field pattern (described by the polar
coordinates ¥ and 7). If this functional dependence is known, the reflected pulse shape, the
range correction, and the cross section can easily be computed by summing the contribution
of each cube corner.

Unfortunately, such calculations can only be considered as a starting point because the actual
“as produced” cube comers rarely conform to the specifications to the accuracy required

for the calculations to be precise. However, such calculations are quite instructive in under-
standing the behavior of the array, and therefore a simple analysis of the array will be per-
formed for one specific orientation.

To compute the return from an array of retroreflectors, the calculation starts with the indivi-
dual cube corners. Their position and orientation on the satellite must be defined first. In
the case of Lageos, if the cube corner location in polar coordinates is defined, the problem is
greatly simplified because the radius for all cube corners is constant, and the position angles
for each cube corner are identical to its orientation angles. This problem can be further
simplified if a laser incidence direction is assumed in the south pole to north pole direction.
In this case, the cube corners lie in several rings which are centered on the polar axis, and all
the cube corners within a given ring have the same axial distance from the source.

The key to solving the problem is to determine the cross section of the individual cube corners
as a function of angle of incidence and far-field coordinates. To do this, Lageos was placed

in the FFDP test setup and this function was determined experimentally by recording the
FFDP of each row individually. These FFDP’s are shown in figures B-1 through B-5. On

the basis of the analysis of these FFDP’s, empirical equations for the cross section in the
32.77- to 38.34-ur annulus .were developed and are shown with other pertinent parameters

in table B-1. The rows are numbered from the south pole (row 0) backward toward the space-
craft CG. The number of cube corners in each row is shown in the second column. In the
third column, the incidence angle is listed. In the fourth column is given the optical distance
from the spacecraft CG which is computed by the formula:

Z =R cosi~ L\/m (B-1)




Table B-1
Model of Lageos Cross-Section Parameters
Based Upon Row-by-Row FFDP Tests in
Polar Orientation (Viewing South Pole)*

Inclination Cross SectionT/
Z
Row Number Angle Computer Calculation
0 1 0 0.2567 [1+cos(2n)]
1 6 10.12 0.2533 0.44 [1 +0.67 cos (21)]
2 12 19.85 0.2410 0.24 [1 +0.33 cos (2n)]
3 18 29.58 0.2210 0.057 [1 + 0. cos (21)]

Total Cross SectionT =7.55+3.72 cos (2n)
*For 32.77- to 38.34-ur Annulus in FFDP.

TIn Millions of Square Meters with the Far-field Azimuth, i, Relative to the
Polarization Vector in Degrees.

where RO is the radial location of the front face of the cube corner (298.07 mm), L is the
depth of the cube corner (27.8 mm), and n is the refractive index (1.455). The last column
lists the effective cross section of each cube corner in the row as a function of position in the
far field. The quantity 7 is the azimuth angle with respect to the polarization vector. Cross
sections are evaluated for the 32.77- to 38.34-ur annulus. With the data in table B-1, it is

a simple matter to convolve each cube corner with the laser pulse and obtain a return pulse
for each cube corner, the strength of which depends upon the orientation and polarization,
and the position of which depends on its Z-position. This has been done for a 62.3-ps
FWHM pulse (approximately the same as that used in the target-signature testing), and the
results are shown in figure B-6. This figure shows the signal strength normalized to the peak
value as a function of time referenced to the time at which a pulse would return from a point
reflector at the spacecraft CG. As can be seen, due to the very short pulse length, the indi-
vidual rows produce separate peaks. The first peak represents row 0 and row 1 because these
rows are separated by only 4.3 mm (28.7 ps). However, the second row is 12.2 mm (82.0
ps) from the first row, and is therefore shown clearly as a separate peak. The third row is

" even further separated from the second (20.0 mm (133.3 ps)) and therefore also shows as a
separate pulse. The rows beyond third row are at too steep an angle to produce any return.
One thing is quite clear: as the far-field observation point azimuth moves farther away from
the polarization azimuth, the energy in the reflected pulse decreases (energy in the pulse is
proportional to the area under the curve). Further, the energy lost comes from the leading
edge of the pulse. This causes the peak to shift backward towards the spacecraft CG as the
cross polarization condition is reached. Figures B-7 and B-8 show the same type of curves
for 125 and 250 ps, respectively. The range corrections derived from these curves are shown
in table B-2.

B-2




Table B-2
Peak Detection Range Corrections

-li-aﬁge Corrections (ps) Range Conectioflé (mm)
Azimuth for Pulse Widths* for Pulse Widths*
_ ”Angle 62;5_ i 12_5 B 250 AéES “_1 125 250
0° -1690 -1670 -1660 -253.5 -250.5 -249.0
45° -1690 ~-1650 -1650 -253.5 -247.5 -247.5
90° -1610 -1620 -1610 -241.5 -243.0 -241.5

*Pulse widths are defined by ps (FHWM) units.

To compare these calculations with data taken in the target signature tests, figure B-9 was
made taking the photomultiplier tube response into account. The laser pulse has a Gaussijan
profile and a FWHM of 62.5 ps, and the photomultiplier has a 10- to 90-percent rise time of
150 ps. When these are combined (assuming a Gaussian photomultiplier impulse response),
an effective Gaussian impulse response with a standard deviation of 92 ps (217-ps FWHM)
is obtained. Due to the broadening of the pulse by the photomultiplier, all indication of the
separate rows is lost. However, the polarization effects are still quite evident, amounting to
a shift of approximately 6 mm for peak detection. If the detector uses 50-percent peak on
the leading edge as a criteria, the shift increases only slightly to 6.5 mm.

It should also be noted that the range correction is a function of pulse length. When the laser
pulse is convolved with the satellite response because of the skewness of the satellite response
curve, the peak of the return pulse shifts towards the spacecraft CG. Figure B-9 shows the
effect for the 0° polarization conditions for pulse lengths varying from 62.5 to 1000 ps.
Table B-3 shows the positions of the peaks for the various pulse lengths.

In summary, on the basis of analysis derived from actual experimental FFDP, the range cor-
rection varies by as much as 8.5 mm with polarization and by up to 8.1 mm with pulse length.
The actual value derived from target signature tests (249 + 1.7 mm; see figure 18) agrees
extremely well with the results from FFDP tests (fisure B-10 and table B-4). In comparing
these results, it should be kept in mind that the tests were taken over the entire annulus and
represent an average range correction. Table B4 lists the range correction as a function of
far-field azimuth. When this table is weighted according to the relative intensity of the various
far-field positions, an average range correction of 247.0 mm is obtained. The final result is
that for all polarizations and pulse lengths, the range correction is 249?‘1"6 mm for peak
detection.

An analysis of figure B-10 also shows that the expected pulse width is 261-ps FWHM and
appears to be in close agreement with the results. The slight increase of 21 ps (8 percent)
over the experimentally measured value is probably due to the fact that the analysis was done
for one special orientation, and errors in estimating the pulse width and photomultiplier rise
time.

B-3



Table B-3
Range Correction as a Function of Pulse Length

Pulse Range Correction
Width
(ps FWHM) (ps) (mm)
62.5 -1692 -253.8
125 -1654 -248.1
290 -1646 -246.9
500 -1640 -246.0
1000 -1638 -245.7
Table B4

Peak Detection Range Correction
(Photomultiplier Response Included)

Range Corrections for
Azimuth Pulse Width 62.5 X 10712 sec (FWHM)

Angle (ps) (mm)
0° -1660 -249.0
45° -1650 -247.5
90° -1620 -243.0
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